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S u m m a r y
L a rg e -e d d y  s im u la tion s  o f  th e  a tm o s p h e r ic  b o u n d a r y  la y er  h a v e  b e e n  p e r fo r m e d  ov er  
a  ra n g e  o f  s ta b ilit ie s  b e tw e e n  n e u tra l a n d  fre e  c o n v e c t iv e  c o n d it io n s . T h e  v a r ia t io n  o f  
va riou s  n o n -d im e n s io n a liz e d  tu rb u le n ce  s ta tis tics  o v e r  th is  s ta b ility  ra n g e  is p re se n te d  
a n d  th e  resu lts  are c o m p a r e d  w ith  o b se rv a tio n s  w h ere  p o s s ib le . T h e  rob u stn e ss  o f  th e  
m o d e l  resu lts  is a lso  assessed  b y  co m p a r in g  th o s e  fr o m  h ig h  a n d  lo w  re so lu t io n  s im u la tion s , 
a n d  b y  re fe re n ce  t o  a n u m b e r  o f  a d d it io n a l sen s it iv ity  te s ts .
T h e  s im u la tion  resu lts  fo r  th e  v a r ia t ion  w ith  s ta b ility  o f  th e  m e a n  w in d  a n d  te m ­
p e ra tu re  p ro files  a n d  va riou s  s im ila r ity  co e ff ic ie n ts  are p re se n te d . T h e  la r g e -e d d y  m o d e l 
d a ta se ts  are th e n  u sed  t o  ev a lu a te  c r it ica lly  th e  p e r fo rm a n ce  o f  a  n u m b e r  o f  s im p le  c lo ­
sure s ch em es  su ita b le  fo r  u se  in  b o u n d a r y  layer p a ra m e tr iza tio n s  in  la rg e -sca le  w ea th er  
fo re ca s t in g  a n d  c lim a te  p r e d ic t io n  m o d e ls . T h e  p o te n t ia l s ig n ifica n ce  o f  th e  sh o r tco m in g s  
o f  th e  s im p lest m ix in g  le n g th  sch em es is d iscu ssed , a n d  an  a ssessm en t is m a d e  o f  th e  
ty p e s  o f  c lo su re  m o s t  lik e ly  t o  g iv e  a  s ign ifica n t im p ro v e m e n t  in  p e r fo r m a n c e  w ith o u t  an 
e x ce ss iv e  c o m p u ta t io n a l o v e rh e a d .
R e su lts  are  a lso  p re se n te d  fr o m  la r g e -e d d y  sim u la tion s  o f  th e  b a r o c lin ic  b o u n d a r y  
la y er . T h e  e ffects  o f  th e  shear in  th e  g e o s tr o p h ic  w in d  o n  s ca le d  tu r b u le n c e  sta tistics  
a n d  th e  m e a n  w in d  p ro files  a re  d is cu ssed . It  is sh ow n  th a t th is  sh ear d o e s  n o t  le a d  to  
s ign ifica n t d e g ra d a tio n  o f  th e  p e r fo r m a n c e  o f  tw o  s im p le  c lo su re  m o d e ls , in  e ith er  n eu tra l 
o r  c o n v e c t iv e  co n d it io n s .
F in a lly  s im u la tion  resu lts  fo r  th e  e n tra in m en t f lu x  at th e  t o p  o f  th e  b o u n d a r y  layer 
a re p re se n te d . A  p a ra m e tr iz a t io n  o f  th is  f lu x  is d e v e lo p e d , b a s e d  o n  th e  b o u n d a r y  layer 
r o o t  m ea n  sq u a re  v e r t ica l v e lo c ity .
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T h e  la r g e -e d d y  m o d e l  u se d  in  th is  th esis  has b e e n  d e v e lo p e d  in  th e  A tm o s p h e r ic  
P ro ce sse s  R e se a rch  B ra n ch  o f  th e  M e te o r o lo g ic a l O ffice  o v e r  a  n u m b e r  o f  yea rs . A lth o u g h  
v a riou s  d ia g n o stics  w ere  a d d e d  b y  th e  a u th o r  fo r  th e  p resen t s tu d y , th e  c o d in g  o f  th e  b a s ic  
m o d e l  is n o t  c la im e d  as p a r t  o f  th is  d isse rta tio n .
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N o t a t i o n
T h e  n o ta t io n  u sed  is h o p e fu lly  fa ir ly  s ta n d a rd  a n d  in  g en era l w ill b e  in tr o d u c e d  w h en  it 
is first e n co u n te r e d . C a rtes ia n  (aii =  sc, x 2 =  y ,  =  z ) c o o r d in a te s  are  u se d , w ith  th e  
z  d ir e c t io n  n o rm a l t o  th e  su rfa ce  ( i .e . p a ra lle l t o  g r a v ity ) . T h e  x  d ire c t io n  is v a r iou sly  
a lig n ed  w ith  th e  m o d e l a -a x is , th e  g e o s tro p h ic  w in d , th e  su r fa ce  stress a n d  th e  m ea n  
b o u n d a r y  la y er  w in d , as d e s c r ib e d  in  th e  t e x t .  T h e  v e lo c i ty  v e c to r ,  u ,  has co m p o n e n ts  
(u2 =  u, u2 — v, u3 =  w ) .  A n g le d  b ra ck e ts  in d ica te  an  a v era g e  (o v e r  th e  h o r iz o n ta l 
d o m a in  an d  t im e  fo r  th e  la r g e -e d d y  m o d e l re su lts ), w h ile  p r im e s  d e n o te  p e r tu rb a t io n  
q u a n titie s . T h e  su b scr ip t  z e ro  is u sed  t o  in d ica te  a  su rfa ce  va lu e .
N o te  th a t  th e  stresses a n d  en erg ies  c o n s id e re d  are k in e m a tic  q u a n tities  i .e . u n its  o f  
m 2 s“ 2  (n o  m u lt ip lica t io n  b y  d en sity , p  cx 1 . 2  k g m - 3 ) . S im ila r ly  th e  v e r t ica l f lu x  o f  p o te n ­
tia l te m p e ra tu re  ( ( w 7#7) )  is re fe rre d  to  as th e  h ea t flu x : th e  tru e  flu x  o f  e n e rg y  is eq u a l 
t o  th is  q u a n t ity  m u lt ip lie d  b y  ( p C p) ,  w h ere  C p ( ~  1005 J k g - 1 K _ 1 ) is th e  h ea t c a p a c ity  o f  
air.
In  th e  d e scr ip t io n  o f  th e  m o d e l in  C h a p te r  2 , ov erb a rs  a re  u se d  t o  d e n o te  reso lv ed  
q u a n tit ie s . A ll  la rg e -e d d y  m o d e l tu rb u le n ce  s ta tistics  p re se n te d  (e .g . varian ces  a n d  flu x e s ) 
are t o t a l  q u a n tities  ( i .e . re so lv e d  p lu s  su b g r id  e s t im a te ) , u n less  o th e rw ise  s ta te d .
T h e  a b b re v ia t io n s  C B L , L E S , N W P  a n d  T K E  s ta n d  fo r  c o n v e c t iv e  b o u n d a r y  la yer, 
la r g e -e d d y  s im u la tio n , n u m e rica l w e a th e r  p re d ic t io n  a n d  tu rb u le n t k in e t ic  en e rg y  re s p e c ­
tiv e ly . N o te  th a t  C B L  w ill o fte n  b e  u se d  lo o s e ly  t o  co v e r  all b o u n d a r y  la yers  b e tw e e n  
n e u tra l a n d  fre e  c o n v e c t iv e  co n d it io n s .
Chapter 1 
Introduction
1.1 T h e  a t m o s p h e r i c  b o u n d a r y  l a y e r
T h e  a tm o s p h e r ic  b o u n d a r y  la y er  ca n  b e  lo o s e ly  d e fin ed  as th a t  p a rt o f  th e  a tm o sp h e re  
w h ich  is d ire c t ly  in flu e n ce d  b y  th e  E a r th ’ s su rfa ce . Its  d e p th  m ig h t b e  o n ly  a fe w  tens 
o f  m e tre s  in  th e  s ta b le  n o c tu r n a l b o u n d a r y  la yer , b u t  ca n  b e  a  k ilo m e tre  o r  m o re  in  
c o n v e c t iv e  c o n d it io n s  o n  a  s u m m e r ’ s day . T u rb u le n ce  in  th e  b o u n d a r y  la y er  tra n sp o rts  
m o m e n tu m , h ea t a n d  m o is tu re  a n d  an  u n d e rs ta n d in g  o f  th e  re leva n t p ro ce sse s  is cru cia l, 
b o t h  fo r  lo c a l  fo re ca s t in g  a n d  in  d e v is in g  a p a ra m e tr iz a t io n  w h ich  ca n  rep resen t th ese  
p ro ce sse s  w h ich  ca n n o t b e  re so lv e d  in  a la rg e -sca le  w e a th e r  o r  c lim a te  p r e d ic t io n  m o d e l.
T h is  w o rk  w ill c o n ce n tra te  o n  th e  u n s ta b le  b o u n d a r y  la y er  in  w h ich  th e  su rfa ce  h eat 
f lu x  is u p w a rd s , a n d  w ill lo o k  at ch a n g es  in  th e  flow  s tru ctu re s  a n d  tu rb u le n ce  s ta tistics  
as th e  s ta b ility  o f  th e  b o u n d a r y  la y er  is ch a n g e d . O n  th e  o n e  h a n d  th e re  is fre e  c o n ­
v e c t io n , co n d it io n s  w h ich  are  o fte n  a p p ro a ch e d  o v e r  la n d , in  w h ich  th e  b o u n d a r y  layer 
is e x c lu s iv e ly  d r iv e n  b y  b u o y a n cy . A t  th e  o th e r  en d  o f  th e  sca le  th e re  are n ea r n eu tra l 
c o n d it io n s , m o s t  c o m m o n ly  o b s e rv e d  in  s tro n g -w in d  co n d it io n s  o v e r  th e  sea , w h en  th e  
in p u t t o  tu rb u le n t k in e tic  e n e rg y  th ro u g h  b u o y a n c y  is sm a ll c o m p a r e d  t o  th a t  g en era ted  
th ro u g h  sh ear p r o d u c t io n . S ign ifica n t ch a n ges  in  e d d y  s tru c tu re  are o b s e r v e d  across  th e
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in te rm e d ia te  re g im e  w h ere  b o t h  b u o y a n c y  an d  sh ear p r o d u c t io n  are im p o r ta n t . In  p a r t ic ­
u la r , th e re  is a  te n d e n c y  fo r  th e  c o n v e c t io n  t o  b e c o m e  o rg a n iz e d  in to  b a n d s , o fte n  lea d in g  
t o  th e  fo r m a t io n  o f  c lo u d  stree ts  w h ich  are v is ib le  o n  sa te llite  im a g e ry  a n d  m a y  e x te n d  
fo r  h u n d red s  o f  k ilo m e tre s .
T h is  is p r im a r ily  a m o d e llin g  s tu d y , u s in g  la rg e -e d d y  s im u la tio n  t o  o b ta in  tu rb u le n ce  
d a ta se ts  fo r  an a lysis . T h is  m e t h o d  is re la t iv e ly  ch ea p  a n d  co n v e n ie n t , b u t  th e  u se  o f  m o d e l 
ra th e r  th a n  a c tu a l fie ld  d a ta  n eed s  t o  b e  ju s t if ie d . In  th is  ch a p te r  va r iou s  fie ld  stu d ies  are 
re v ie w e d , h ig h lig h t in g  c o m m o n  fea tu res  a n d  d e fic ien cie s  o f  th e  resu lts . E arlier n u m erica l 
m o d e llin g  stu d ies  are a lso  co n s id e re d , a lo n g  w ith  tw o  o th e r  p o s s ib le  sou rces  o f  d a ta , 
n a m e ly  la b o r a t o r y  e x p e r im e n ts  a n d  th e o re t ica l m o d e ls . It  is s tressed  th a t  th ese  d ifferen t 
m e th o d s  o f  a cq u ir in g  d a ta  are c o m p le m e n ta r y  a n d  e ffo rts  w ill b e  m a d e  t o  c o m p a re  m o d e l 
resu lts  w ith  p u b lish e d  d a ta  w h e re v e r  p o ss ib le .
1.2 O b s e r v a t i o n s  o f  b o u n d a r y  l a y e r  s t r u c t u r e
W o o d c o c k  (1 9 4 0 ) a n d  P r ie s t le y  (1 9 5 7 ) s tu d ie d  th e  fligh t ch a ra c te r is t ic s  o f  h err in g  gu lls , 
as a fu n c t io n  o f  w in d  sp e e d  a n d  sea -a ir  te m p e ra tu re  d iffe ren ce . In  th is  w ay , th e  b e h a v io u r  
o f  th e  gu lls  w as sh ow n  t o  d e p e n d  o n  th e  a tm o sp h e r ic  s ta b ility , a n d  w as re la te d  t o  th e  
su b  c lo u d -la y e r  e d d y  s tru c tu re . In  n ea r n e u tra l co n d it io n s  (h ig h  w in d  sp e e d  a n d /o r  sm all 
sea -a ir  te m p e ra tu re  d iffe re n ce ) soa rin g  w as n o t  o b s e r v e d , w h ilst soa r in g  w as o b se rv e d  
in  m o r e  u n s ta b le  c o n d it io n s  (r e d u c e d  w in d  sp e e d  a n d /o r  in cre a se d  sea -a ir  te m p e ra tu re  
d if fe re n ce ). W ith in  th e  ‘ soa r in g  r e g im e ’ , lin ea r soarin g  w as o b s e r v e d  in  cases o n ly  m o d ­
e ra te ly  u n s ta b le , a n d  c ircu la r  soa r in g  in  th e  m o re  u n s ta b le  ca ses . In  so m e  cases lin ear 
a n d  c ircu la r  soa r in g  w ere  o b s e rv e d  s im u lta n eou sly , su g g estin g  th a t  th e  e d d y  stru ctu res  
re sp o n s ib le  c o u ld  c o e x is t  in  ce rta in  co n d it io n s . N o te  th a t  th e  e x is te n ce  o f  e d d y  ty p e s  
fa v o u r in g  d ifferen t ty p e s  o f  soa rin g  is a lso  w ell k n ow n  t o  g lid e r  p ilo ts .
P r ie s t le y  m e a su re d  s ta b ility  th ro u g h  a  b u lk  R ich a rd so n  n u m b e r  b e tw e e n  th e  su rface
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a n d  6 .5 m
R i =  Y n NTT- ( l - l )( f t )
i m
' dz
Ig M  1 
1 dz
|2
H ere  9 is th e  p o te n t ia l t e m p e ra tu re , a n d  u  is th e  w in d  v e c to r . It  w as sh ow n  th a t con to u rs  
o f  c o n s ta n t  s ta b ility , as m e a su re d  b y  R i y d iv id e d  th e  reg im es  re a so n a b ly  sa tis fa cto r ily , 
w ith  n o  soa r in g  fo r  R i  > — 0 .0 1 , c ircu la r  soa r in g  fo r  R i < — 0 .035  a n d  lin ea r a n d  m ix e d  
soa r in g  fo r  in te rm e d ia te  R i.  D e a r d o r ff  (1 9 7 6 ) reca st th e  resu lts  in  te rm s o f  th e  M o n in - 
O b u k h o v  le n g th , L , d e fin ed  th ro u g h
“  K(g/{e))(w'6>) o (1-2)
w h e re  u 2 is th e  su rfa ce  stress , (w 'O 1 ) 0 is th e  su rfa ce  h ea t f lu x  a n d  k  is th e  v o n  K a rm a n  
co n s ta n t . A b o v e  z  — —0 .6 X  it w as a ssu m ed  th a t  th e  th erm a ls  w ere  essen tia lly  b u o y a n c y  
d r iv e n  a n d  s tro n g  a n d  lo n g -l iv e d  e n o u g h  fo r  soarin g  t o  o c c u r . S oa rin g  w as th e re fo re  
e x p e c t e d  w h en  th is  h e igh t w as b e lo w  so m e  m a x im u m  h e ig h t t o  w h ich  gu lls  a re  w illin g  to  
a sce n d  in  fla p p in g  h e igh t in  o rd e r  t o  seek  o u t  th erm a ls .
N o te  h o w e v e r  th a t  b o t h  R i  a n d  L  are su r fa ce  layer  p a ra m e te rs , a n d  th e re fo re  m ig h t n o t 
b e  th e  b e s t  m ea su res  o f  th e  s ta b ility  o f  th e  b o u n d a r y  la y er  as a  w h o le . B u lk  R ich a rd so n  
n u m b e rs  ca n  b e  ca lcu la te d  o v e r  th e  en tire  b o u n d a r y  la y er  d e p th , z,*, o r  s o m e  fra c t io n  
th e r e o f  (e .g . B ro w n , 1 9 8 0 ), b u t  z ,* /Z  is th e  m o s t  c o m m o n ly  u se d  s ta b ility  p a ra m e te r  in  
th e  lite ra tu re , a n d  is a d o p te d  h ere .
O th e r  e a r ly  stu d ies  a lso  n o te d  th e  t e n d e n c y  o f  c o n v e c t io n  t o  h a v e  a b a n d e d  s tru ctu re  
in  ce rta in  co n d it io n s . In fo rm a t io n  a b o u t  s u b c lo u d  e d d y  s tru c tu re  has o fte n  b e e n  in ferred  
fr o m  th e  c lo u d  p a tte rn , h y p o th e s iz in g  th a t  c lo u d y  areas are a sso c ia te d  w ith  reg ion s  o f  
a s ce n d in g  air in  th e  s u b c lo u d  la yer. F or e x a m p le , K u e ttn e r  (1 9 5 9 ) lo o k e d  at th e  te n d e n c y  
o f  c lo u d s  t o  fo r m  in  a  b a n d e d  ra th er  th a n  an  irregu la r s tru c tu re , a n d  fo u n d  th a t  th is 
o c c u r r e d  in  ‘ c o n v e c t iv e  layers  w ith  h ig h er  th a n  n o rm a l w in d s .. . ’ . S a u n d ers  (1 9 6 4 ) in v esti­
g a te d  th e  fo r m a t io n  o f  fo g s  resu ltin g  fr o m  th e  a d v e c t io n  o f  c o ld  a ir o v e r  re la t iv e ly  w a rm  
w a te r . A lth o u g h  p r im a r ily  in te re s te d  in  th e  co n d it io n s  n e ce ssa ry  fo r  fo g  fo r m a t io n , th 6  
a u th o r  n o te d  th a t ‘ in  m o d e r a te  w in d s  sea  sm ok e  c o m m o n ly  h as a  b a n d e d  s tru c tu re  w ith  
th e  b a n d s  a p p ro x im a te ly  a lon g  th e  w in d ’ .
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M a n y  e x p e r im e n ts  h a v e  s in ce  b e e n  ca rr ie d  o u t  sp e c if ica lly  t o  s tu d y  th e  e d d y  s tru ctu res  
in  th e  c o n v e c t iv e  b o u n d a r y  la y er . S a te llite  c lo u d  p ic tu re s  h a v e  o ft e n  b e e n  u sed  t o  in fer  
in fo r m a t io n  a b o u t  b o u n d a r y  la y e r  m o t io n s , a n d  d ire ct  m e a su re m e n ts  h a v e  b e e n  m a d e  
u sin g  in s tru m e n te d  a ircra ft  a n d  to w e rs , a n d  rad ars. T h e  resu lts  o f  so m e  o f  th ese  stu d ies 
are n o w  re v ie w e d , e m p h a s iz in g  th e  c o m m o n  fea tu res  o f  th e  resu lts  a n d  a lso  lo o k in g  at 
s o m e  o f  th e  d ifficu lt ies  a n d  u n cer ta in tie s  in v o lv e d .
T h e  B a rb a d o s  O c e a n o g ra p h ic  a n d  M e te o r o lo g ic a l E x p e r im e n t  ( B O M E X )  w as h e ld  in  
th e  su m m er  o f  1969 in  th e  n o r th e a s t  tra d e  w in d  reg ion  east o f  th e  is la n d  o f  B a rb a d o s . A  
d o m in a n t  r id g e  o f  h igh  p ressu re  t o  th e  n o r th  o f  th e  m e a su re m e n t a rea  re su lte d  in  su p ­
p ressed  c o n v e c t iv e  a c t iv ity  w ith  e a s te r ly  w in d s . T h e  b o u n d a r y  la yers  w ere  ty p ic a lly  600m  
in  d e p th , a n d  th e  m o s t  c o m m o n  c lo u d  fo r m  w as cu m u lu s  h u m ilis . W in d  m ea su rem en ts  
w ere  m a d e  a t 1 8 m , 4 6 m  a n d  1 52m  fr o m  a D C - 6  a ircra ft f i t te d  w ith  a  fix e d -v a n e  gu st 
p r o b e  re fe re n ce d  t o  an in ertia l p la t fo rm . G ro ssm a n  (1 9 8 2 ) u se d  v e r t ica l v e lo c i ty  as an 
in d ic a to r  o f  o rg a n iz e d  m o t io n s  in  th e  low er  s u b c lo u d  la yer  a n d  a n a ly sed  s p e c tr a  o b ta in e d  
in  a lon g - a n d  cro ss -w in d  ru n s. In d iv id u a l sp e c tra  o b ta in e d  fr o m  ru n s at s im ilar sta b ilit ies  
w ere  c o m p o s ite d  t o  in crea se  co n fid e n ce  in  th e  s p e c tra l s ig n a tu res . In  th e  m o s t  u n sta b le  
c o n d it io n s , sim ilar s p e c tra  w ere  fo u n d  in  th e  tw o  d ire c t io n s . T h e y  sh ow ed  d o u b le  p ea k s , 
o n e  at w a v e len gth s  o f  o rd e r  a  fe w  h u n d re d  m e tre s , an d  o n e  o f  o rd e r  1-2 k m . T h e  k ilo ­
m e tre  sca le  p ea k s  w ere  a sso c ia te d  w ith  c o n v e c t iv e  ce lls , ra n d o m ly  o r ie n ta te d  w ith  re sp e ct  
t o  th e  m e a n  w in d . In  co n tra s t , c o m p o s ite  s p e c tra  fr o m  ru n s in  n ea r  n e u tra l co n d it io n s  
sh ow ed  th e  d o u b le  p e a k  in  cro ss -w in d  ru ns w h ile  th e  k ilo m e tre  sca le  p e a k  w as a b sen t in  
a lo n g -w in d  ru n s . T h is  is con s is ten t w ith  th e  e lo n g a tio n  o f  th e  c o n v e c t iv e  e d d ies  a lon g  th e  
w in d , fo rm in g  la rg e  ro ll v o r t ice s  (a lso  k n o w n  as h o r iz o n ta l c o n v e c t iv e  ro lls ) w ith  sp a c ­
in g  2 -3 Zi. T h e  tra n s it io n  fr o m  th e  reg im e  fa v o u r in g  ce llu la r  c o n v e c t io n  to  th a t  fa v o u r in g  
la rg e  n ea r ly  tw o -d im e n s io n a l ro lls  w as n o t  fo u n d  t o  b e  c lea r  c u t , w ith  e v id e n c e  fo r  b o th  
s tru ctu re s  at s o m e  in te rm e d ia te  sta b ilit ie s . T h is  is co n s is te n t  w ith  W o o d c o c k ’ s (1 9 4 0 ) 
o b s e rv a t io n  o f  m ix e d  c ircu la r  a n d  lin ea r  soa rin g . G ro s sm a n  c a te g o r iz e d  th e  s tru ctu res  
o b s e rv e d  in  B O M E X  as sh ow n  in  T a b le  1 .1 . W h ils t  th e  tra n s it io n  b e tw e e n  d iffe ren t e d d y  
s tru ctu res  has c lea r ly  b e e n  o b s e rv e d , so m e  reserva tion s  m u st b e  e x p re sse d  a b o u t  th e  val-
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C a te g o r y  S ta b ility
1  ~ Z i/ L  <  5 .0  O n ly  ro ll v o r te x  m o t io n
2 5 .0  <  —z  <  7 .3  R o lls  c o e x is t  w ith  c o n v e c t iv e  ce lls  a n d
are n ecessa ry  fo r  th e ir  m a in te n a n ce ; rolls  
d o m in a te .
3 7 .3  <  —Z ijL  <  2 1 .4  R o lls  c o e x is t  w ith  ra n d o m  cells  b u t  are n o t
n e ce ssa ry  fo r  th e ir  m a in te n a n ce ; ra n d o m  
cells  d o m in a te .
4  2 1 .4  <  —Zi/L <  30 R a n d o m  cells o n ly  b u t  sh ear im p o r ta n t  to
ce ll s tru c tu re  a n d  m o r p h o lo g y .
5 -Z i/ L  >  30 R a n d o m  cells  o n ly ; sh ear u n im p o r ta n t  t o  ce ll
s tru c tu re  a n d  m o r p h o lo g y .
T a b le  1 .1 : Categories o f  dominant eddy structure taken from BOM EX data. 1-4 were observed in 
BOM EX data, and the condition for category 5 was estimated using the Richardson number criterion o f 
Priestley (1957). After Grossman (1982)
ues o f  Zi/L  q u o te d . L a te ra l gu sts  w ere  n o t  m e a su re d , a n d  th e  su r fa ce  stress h a d  t o  b e  
e s t im a te d  b y  co m b in in g  d a ta  fr o m  a lon g - a n d  cro ss -w in d  ru n s . T h e  errors  w h ich  m igh t 
h a v e  b e e n  in tr o d u c e d  d u e  t o  a  co n s is te n t  tu rn in g  o f  th e  w in d  w ith  h e ig h t w ere  e s t im a te d  
t o  b e  sm a ll, b u t  it  w as s u s p e c te d  th a t  th e  m e a su re d  va lues o f  (u 'w ' )  c o n ta in e d  a  s ign ifican t 
h e a d in g -in d e p e n d e n t  e rror . T h is  c o n c lu s io n  w as b a se d  o n  th e  h ig h  va lu e  o f  u * ca lcu la te d  
c o m p a r e d  t o  th a t  fo u n d  in  o th e r  e x p e r im e n ts  in  th e  n ea r n e u tra l tra d e  w in d  b o u n d a r y  
la y er  (e .g . P e n n e ll a n d  L e M o n e , 1 9 7 4 ). A c c o r d in g ly , m e a su re d  u*  va lu es w ere  a ssu m ed  to  
b e  8 0 %  t o o  la rg e , le a d in g  t o  a  r e d u c t io n  in  L  b y  a  fa c to r  o f  a lm ost s ix . T h is  d o e s  n o t  
in v a lid a te  th e  resu lts , a n d  in  fa c t  th e  ta b le  w as sh ow n  as b e in g  b r o a d ly  co n s is te n t  w ith  
th e  resu lts  o f  a  n u m b e r  o f  o th e r  s tu d ies . H o w e v e r , th e  n e e d  t o  m a k e  su ch  co r re c t io n s  d oes  
g iv e  so m e  id e a  o f  th e  d ifficu lties  in v o lv e d  in  m a k in g  fie ld  m e a su re m e n ts .
T h e  m o s t  w id e ly  s tu d ie d  co n d it io n s  h a v e  b e e n  th o se  in  w h ich  th e  p r o d u c t io n  o f  en erg y
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F ig u re  1 .1 : Schematic diagram o f boundary layer rolls (after Brown, 1980). h is the boundary layer 
depth, and A is the wavelength.
is d o m in a te d  b y  b u o y a n cy . E x p e r im e n ts  ca rr ied  o u t  in  th ese  c o n d it io n s  in c lu d e  M in n e so ta  
(K a im a l e t  a l 1 9 7 6 ), A s h ch n rch  (C a u g h e y  a n d  P a lm e r , 1 9 7 9 ), A M T E X  (L e n s ch o w  et  
al.,  1 980 ) a n d  P h o e n ix  78 (Y o u n g , 1 9 8 8 ). Y o u n g  fo u n d  th a t  th e  fo rm s  o f  tu rb u le n ce  
p ro files  fr o m  th ese  (a n d  o th e r )  e x p e r im e n ts  g en era lly  sh o w e d  lit t le  v a r ia t io n , a lth ou g h  
so m e  d iffe ren ces  w ere  a s cr ib e d  to  d ifferen t cross  in v ers ion  e n tra in m e n t flu x es . H ow ev er , 
th e  a u th o r  n o te d  th a t  v e ry  lit t le  o b se rv a tio n a l w o rk  h a d  b e e n  r e p o r te d  o n  th e  e ffect  o f  
th e  s ize  o f  th is  d ow n w a rd  b u o y a n c y  f lu x  at th e  in v ers ion  o n  o th e r  tu rb u le n ce  sta tis tics .
A  la rg e  n u m b e r  o f  stu d ies  h a v e  a lso  b e e n  m a d e  o f  b o u n d a r y  la y er  ro lls , w h ich  are 
sh o w n  s ch e m a tica lly  in  F ig u re  1 .1 . L e M o n e  (1 9 7 3 ) u sed  d a ta  b o t h  fr o m  a 4 4 4 m  tow er  
in  O k la h o m a , a n d  fr o m  a ircra ft m ea su re m e n ts  o v e r  C o lo r a d o , L a k e  M ich ig a n  a n d  on e  
B O M E X  flig h t. O b se rv a t io n s  fr o m  a  fix e d  p o in t  ca n  o n ly  sh ow  v a ria tion s  in  th e  a lon g - 
w in d  d ire c t io n  as tu rb u le n t ed d ies  are a d v e c te d  p ast b y  th e  m e a n  w in d . R o ll  v o r t ice s  are 
a p p r o x im a te ly  a lign ed  w ith  th e  m e a n  w in d  a n d  L e M o n e  n o te d  th a t  it c o u ld  ta k e  u p  t o  an 
h o u r  to  sa m p le  a  s in g le  w a v e le n g th . U n ce r ta in ty  in  th e  to w e r  d a ta  w as th e re fo re  p r im a rily  
d u e  t o  sm a ll sa m p le  s ize , a lth o u g h  in s tru m e n ta l errors w ere  aga in  th o u g h t  t o  b e  s ign ifican t 
in  th e  s ta b ility  ca lcu la tio n s . H o r iz o n ta l c o n v e c t iv e  rolls  w ere  id e n tifie d  o n  e igh t sep a ra te
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o cca s io n s . T h e ir  a sp e c t  ra tio s  (r a t io  o f  w a v e le n g th  t o  la y er  d e p th )  w ere  b e tw e e n  2 .2  an d  
6 .5 , a n d  th e y  w ere  o r ie n te d  b e tw e e n  15° le ft  a n d  5° righ t o f  th e  in v e rs io n  le v e l g e o s tro p h ic  
w in d  1. V a lu es  o f  —Z {fL  w h e n  ro lls  w ere  o b s e rv e d  v a ried  b e tw e e n  3 a n d  10. T h e s e  resu lts  
are  b r o a d ly  con s is ten t w ith  th e  B O M E X  resu lts  o f  G ro ssm a n  (1 9 8 2 ) , a lth o u g h  —Z ijL  — 10 
is in  th e  c a te g o r y  w h ere  ra n d o m  cells  are e x p e c te d  t o  b e  th e  d o m in a n t s tru c tu re . T h e  
v a r ia t io n  ill o b s e rv e d  a sp e c t  r a t io  is in d ica t iv e  o f  th e  u n cer ta in tie s  in v o lv e d , a lth o u g h  all 
cases  b a r  o n e  h a d  a sp e c t  ra tios  b e tw e e n  2 a n d  4.
K u e ttn e r  (1 9 7 1 ) s tu d ie d  p ic tu re s  o f  c lo u d  streets  ta k en  fr o m  a ircra ft , sa te llites  an d  
sp a ce cra ft  o v e r  W is c o n s in , F lo r id a , G e o rg ia , th e  G u lf  o f  S t. L a w re n ce  a n d  th e  B O M E X  
area . H e  fo u n d  sp a cin gs  b e tw e e n  th e  stree ts  o f  b e tw e e n  2 a n d  8 k m  w h ich , u sin g  layer 
d e p th s  e s t im a te d  fr o m  ra d io s o n d e  a scen ts , c o r re s p o n d  to  a sp e c t  ra tio s  o f  b e tw e e n  2  an d  
4 . T y p ic a l  co n d it io n s  w ere  a lm ost u n i-d ire c t io n a l w in d  in  th e  b o u n d a r y  la y er , a n d  th e  
ro lls  w ere  o b s e rv e d  t o  lie  w ith in  10° o f  th is  d ire c t io n . In  a  s im ilar s tu d y  u s in g  sa te llite  a n d  
ra d io s o n d e  d a ta , W e s to n  (1 9 8 0 ) lo o k e d  at 21 o c c u r r e n c e  o f  c lo u d  stree ts  o v e r  th e  B ritish  
Is les , a n d  fo u n d  ro ll a sp e c t  ra tios  b e tw e e n  2 .3  a n d  4 .7  w ith  an  a v era g e  o f  3 .2  . In  7 5 %  o f  
th e  in d iv id u a l cases th e  stree ts  w ere  a lig n ed  w ith in  1 0 ° o f  th e  m e a n  w in d  o f  th e  c o n v e c ­
t iv e  la y er . T h u s  th e  resu lts  o f  th ese  stu d ies  are con s is ten t w ith  th o s e  m e n tio n e d  earlier, 
a lth o u g h  th e  la ck  o f  tu rb u le n t f lu x  d a ta  p re v e n ts  ca lcu la t io n  o f  s ta b ility  as m ea su red  b y  
Zi/L. W a lte r  a n d  O v e r la n d  (1 9 8 4 ) lo o k e d  at A r c t ic  sea  sm o k e  fo r m e d  o v e r  lea d s  in  th e  
ic e -c o v e r e d  B e r in g  sea  u sin g  sa te llite  p ic tu re s  a n d  id e n tifie d  sev era l p re d o m in a n t  sca les o f  
m o t io n . T h e  u se  o f  a N O A A -P 3  resea rch  a ircra ft e n a b le d  th e m  t o  o b ta in  so m e  f lu x  d a ta  
an d  th e y  id en tified  rolls  w ith  a sp e c t  ra tios  b e tw e e n  2 .0  a n d  2 .6  at —Zi/L  =  1 .2  . K e lly  
(1 9 8 4 ) a lso  u sed  a ircra ft d a ta , b u t  is m e n tio n e d  h ere  as an  e x a m p le  o f  a s tu d y  w h ich  
u se d  D o p p le r  ra d a r d a ta . R o lls  o f  w id e ly  va ry in g  a sp e c t  ra tio s  w ere  o b s e rv e d , a ligned  
a p p ro x im a te ly  w ith  th e  g e o s tr o p h ic  w in d . K e lly  n o te d  th a t  th e  in a b ility  o f  th e  rad ars  to  
sa m p le  th e  low est th ird  o f  th e  b o u n d a r y  la y er  d u e  t o  g ro u n d  o b s tr u c t io n s  w as p r o b a b ly  
a  s ign ifica n t p r o b le m , as w as th e  fa c t  th a t  n o  a llow a n ce  c o u ld  b e  m a d e  fo r  ch a n ges  in  th e  
m e a n  w in d  d ire c t io n  at d ifferen t ran ges.
1The geostrophic wind is that required for the Coriolis force to exactly balance the large-scale pressure 
gradient, and is directed 90° to the left o f the pressure gradient in the northern hemisphere. See Chapter 2.
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A  se le c t io n  o f  stu d ies  w h ich  h a v e  lo o k e d  at h o r iz o n ta l c o n v e c t iv e  ro lls  has b e e n  d is­
cu sse d . M o r e  e x h a u s t iv e  lists  o f  su ch  s tu d ies  ca n  b e  fo u n d  in  K e lly  (1 9 8 4 ) a n d  C h ristia n  
a n d  W a k im o to  (1 9 8 9 ) . H o w e v e r , m a n y  h a v e  c o n ce n tra te d  v e r y  m u ch  o n  th e  flo w  s tru ctu res  
p re se n t , a n d  re la t iv e ly  lit t le  has b e e n  p u b lish e d  o n  th e  v a r ia t io n  o f  tu rb u le n ce  s ta tistics  
w ith  s ta b ility . P e n n e ll a n d  L e M o n e  (1 9 7 4 ) p re se n te d  so m e  v a r ia n ce  d a ta  fr o m  a ircra ft 
m ea su re m e n ts  in  th e  tr a d e -w in d  b o u n d a r y  la y er  at Zi/L  ~  — 1 .5 , b u t  stressed  h o w  few  
earlier  stu d ies  h a d  m e a su re d  b o t h  m e a n  a n d  tu rb u le n ce  q u a n titie s  t o  su ffic ien t a c cu ra cy  
a n d  v e r t ica l re so lu tio n  t o  d e te rm in e  th e  b u d g e ts  o f  tu rb u le n t k in e t ic  en e rg y  a n d  m o m e n ­
tu m . N ich o lls  an d  R e a d in g s  (1 9 7 9 ) a lso  p re se n te d  sta tis tics  m e a su re d  b y  a ircra ft o v e r  th e  
c o n v e c t iv e  m a r it im e  b o u n d a r y  la y er . T h e y  d iv id e d  th e ir  ru ns in to  tw o  c lasses, class A  fo r  
Zi/L  <  — 1.5 (a v e ra g e  -3 .9 )  a n d  class B  fo r  Zi/L  >  —1.5 (a v e ra g e  -0 .9 ) .  T h is  g ro u p in g  was 
m a d e  d u e  t o  th e  s ca tte r  in  in d iv id u a l d a ta  p o in ts  an d  e n a b le d  th e  a u th ors  to  lo o k  at th e  
v a r ia tion  in  v e r t ica l p ro files  o f  m e a n  w in d s  a n d  tu rb u le n t v a r ia n ces  a n d  flu x es  w ith  Zi/L. 
D a ta  o b ta in e d  b y  a ircra ft in  n ea r  n e u tra l c o n d it io n s  o v e r  th e  sea  d u rin g  th e  K O N T U R  
e x p e r im e n t  ca n  b e  fo u n d  in  G ra n t (1 9 8 6 ) . T h re e  fligh ts  fo r  w h ich  —Zi/L <  1  w ere  an a­
ly z e d , a n d  in  a d d it io n , p ro files  w ere  p re se n te d  fo r  o n e  fligh t in  m o r e  c o n v e c t iv e  co n d it io n s  
w h e n  —z / L  ~  6 . C h a n g es  in  th e  v a r ia n ce  p ro files  b e tw e e n  th e  n ea r  n eu tra l cases a n d  th e  
m o r e  c o n v e c t iv e  ca se  w ere  a sso c ia te d  w ith  th e  fo rm a tio n  o f  b o u n d a r y  la y er  rolls  in  th e  
m o r e  u n s ta b le  co n d it io n s .
1.3 T h e o r e t i c a l  m o d e l s
M a n y  a u th ors  h a v e  a tte m p te d  t o  e x p la in  th e  o b s e rv e d  b o u n d a r y  la y er  flo w  stru ctu res  
th ro u g h  th e o re t ica l m o d e ls . T h e s e  stu d ies  are g en era lly  ca rr ied  o u t  b y  s u b je c t in g  th e  m ea n  
flo w  t o  a  n o rm a l m o d e  p e r tu r b a t io n  a n a lysis . T h e  p r e d ic te d  w a v e le n g th  an d  o r ie n ta t io n  
o f  th e  in s ta b ility  m o d e  ca n  th e n  b e  co m p a r e d  t o  o b s e rv e d  va lu es . C r it ica l m e a n  flow  
p a ra m e te rs  su ch  as th e  R a y le ig h  n u m b e r  fo r  th e  on set o f  c o n v e c t io n  ca n  a lso  b e  e s t im a te d  
a n d  c o m p a r e d  w ith  e x p e r im e n t .
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T h e  fre e  c o n v e c t iv e  b o u n d a r y  la y er  w as first m o d e lle d  b y  R a y le ig h  (1 9 1 6 ) . H is lin ­
e a r ize d  an a lysis fo r  a n o n -r o ta t in g  flu id  le d  t o  th e  p a ra m e te r  n o w  n a m e d  a fte r  h im  an d  
g o v e rn in g  th e  o n se t o f  c o n v e c t io n . T h e  th re e -d im e n s io n a l B e n a rd  cells  resu lt fr o m  th e  
s u p e rp o s it io n  o f  th re e  e v e n ly  p a r t it io n e d  p e r tu r b a t io n  w a v e  tra in s . L a te r  a u th ors  h a ve  
re fin e d  th e  c r ite r io n  b y  in c lu d in g  m o r e  rea lis tic  b o u n d a r y  c o n d it io n s , th e  e ffe cts  o f  r o ta t io n  
a n d  t im e  d e p e n d e n cy . S ee  fo r  e x a m p le  K rish n a m u rti (1 9 7 5 ) .
T h e  n e u tra l b o u n d a r y  la y e r  h as a lso  b e e n  e x te n s iv e ly  s tu d ie d . L illy  (1 9 6 6 ) ca lcu la te d  
th e  n o rm a l m o d e  in s ta b ility  o f  th e  E k m a n  so lu tio n  a n d  id e n tifie d  tw o  ty p e s  o f  in sta b ility , 
c o n s is te n t  w ith  th e  la b o r a to r y  e x p e r im e n ts  w ith  r o ta t in g  flu id s o f  F aller (1 9 6 3 ) . O n e  w as 
th e  p a ra lle l in s ta b ility  in  w h ich  e n e rg y  fr o m  th e  m ea n  flo w  is fe d  in to  ro lls  v ia  C orio lis  
tu rn in g . L e M o n e  (1 9 7 3 ) n o te d  th a t  th e  C or io lis  a cce le ra t ion s  a re  t o o  sm a ll fo r  th is  m o d e  to  
b e  s ign ifica n t in  th e  c o n v e c t iv e  b o u n d a r y  la y er . T h e  o th e r  w as th e  w e ll k n o w n  in s ta b ility  
w h ich  resu lts  fr o m  th e  p re se n ce  o f  an  in fle c t io n  p o in t  in  o n e  o f  th e  co m p o n e n ts  o f  th e  
m e a n  w in d .
T h e  s tru c tu re  o f  th e  in te rm e d ia te  b o u n d a r y  la y er , d r iv en  b y  b o t h  b u o y a n c y  a n d  shear, 
is less w e ll u n d e r s to o d . In  p a r ticu la r , th e re  are tw o  sch oo ls  o f  th o u g h t  o n  th e  m ech a n ism  
re sp o n s ib le  fo r  th e  p r o d u c t io n  o f  th e  h o r iz o n ta l c o n v e c t iv e  ro lls  w h ich  are o b s e rv e d  in  
th e  a tm o sp h e re . T h e  first assu m es th a t  th e y  resu lt fr o m  th e  d y n a m ic  in fle c t io n  p o in t  
in s ta b ility  w ith  so m e  m o d ific a t io n  d u e  t o  b u o y a n cy , th e  s e c o n d  th a t  th e y  are  essen tia lly  
b u o y a n c y  d r iv en  a n d  o rg a n iz e d  b y  w in d  shear.
A  g o o d  s u m m a ry  o f  d y n a m ica l in s ta b ility  m o d e ls  ca n  b e  fo u n d  in  B ro w n  (1 9 8 0 ). 
L e M o n e  (1 9 7 3 ) a n d  B ru m m e r  (1 9 8 5 ) c o m p a r e d  th e ir  ro ll o b se rv a tio n s  w ith  th e  m o d e l 
o f  B ro w n  (1 9 7 0 ) a n d  fo u n d  re a so n a b le  a g re e m e n t, a lth o u g h  th e  m o d e l s lig h tly  u n d eres ­
t im a te d  ro ll a sp e c t  ra t io  a n d  o b s e rv e d  ro lls  h a d  m a g n itu d e s  a ro u n d  4 0 %  g re a te r  th a n  
p r e d ic te d . L e M o n e  c o n c lu d e d  th a t  e n e rg y  in p u t fr o m  b u o y a n c y  w as s ig n ifica n t, an d  
B ru m m e r  th a t o n ly  tw o  o f  h is th re e  ro ll ev en ts  c o u ld  b e  e x p la in e d  th ro u g h  d y n a m ica l 
in s ta b ility . T h e r e  is a  t e n d e n c y  in  th ese  stu d ies  t o  reg a rd  ro lls  as a d is t in ct  fe a tu re , q u ite  
se p a ra te  fr o m  b o u n d a r y  la y er  tu rb u le n ce . L e M o n e  a n d  B ru m m e r  a m o n g st  o th e rs  a c tu ­
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a lly  u sed  filte r in g  o p e ra t io n s  t o  sep a ra te  th e  ‘ ro ll sca le  m o t io n s ’ fr o m  th e  ‘ tu rb u le n ce  sca le  
m o t io n s ’ , a lth o u g h  B ru m m e r  r e co g n iz e d  th a t  ‘ a  clear  g a p  b e tw e e n  th e  tu rb u le n ce  sca le  
a n d  th e  ro ll sca le  is n o t  p r e s e n t ’ .
T h e  s e co n d  m e ch a n ism  assu m es th a t  th e  ro ll m o t io n s  are  d r iv e n  b y  b u o y a n c y  a n d  
o rg a n iz e d  b y  w in d  sh ear. K u o  (1 9 6 3 ) s tu d ie d  th e  u n s ta b le  m o d e s  o f  p a ra lle l f lo w  w ith  
lin ea r  sh ear (C o u e t t e  f lo w ) , a n d  fo u n d  th a t  lo n g itu d in a l b a n d s  w ere  th e  d o m in a n t  fo r m  
o f  c o n v e c t io n  fo r  sm a ll n e g a tiv e  va lu es o f  R ich a rd so n  n u m b e r , w h ile  tra n sv erse  w aves 
w ere  a lso  e x c it e d  in  m o re  u n s ta b le  c o n d it io n s . K u e ttn e r  (1 9 7 1 ) co n s id e re d  th e  e ffects  
o f  cu rv a tu re  o f  th e  sh ear p ro file . T h is  lea d s  t o  a  re s to r in g  fo r c e  o n  an y  flu id  e lem en t 
d isp la ce d  u p w a rd s  b y  b u o y a n c y  (in  th e  a b se n ce  o f  an  in fle c t io n  p o in t  in  th e  w in d  p ro file ) 
u n less a ll e lem en ts  a lon g  a  h o r iz o n ta l lin e  in  th e  d ire c t io n  o f  th e  m e a n  flow  m o v e  u p w ard s  
s im u lta n eou s ly . In  th is  case  n o  d iffe ren tia l v o rt ic it ie s  w ill resu lt a n d  th e  c o n v e c t io n  is 
u n in h ib ite d  b y  re s to r in g  fo r ce s . A s  sh ear b e c o m e s  p ro g re ss iv e ly  m o re  im p o r ta n t , th e  
re s to r in g  fo rce s  w ill b e c o m e  la rg er  a n d  so  ro ll v o r t ice s  b e c o m e  in cre a s in g ly  d o m in a n t over  
c o n v e c t iv e  ce lls . A n  a tt r a c t io n  o f  th e se  m e th o d s  is th a t  th e y  e x p la in  th e  tra n s it io n  fr o m  a 
ce llu la r  t o  ro ll p a tte r n , ro lls  b e in g  seen  s im p ly  as an  o rg a n iz e d  fo r m  o f  c o n v e c t io n  ra th er 
th a n  as a  sep a ra te  p h e n o m e n o n . R o ll  a sp e c t  ra tios  a n d  o r ie n ta t io n s  are a lso  su ccess fu lly  
p r e d ic te d .
T h e  tru e  p ic tu r e  m u st in c o r p o r a te  b o t h  th e  d y n a m ic  a n d  th e rm a l in sta b ilit ie s  t o  som e  
e x te n t . H o w e v e r , in  th e  last d e ca d e , w o rk  has b e e n  p e r fo r m e d  w h ich  le d  E tlin g  a n d  B row n  
(1 9 9 3 ) t o  c o m m e n t  in  a  c o m p re h e n s iv e  re v ie w  th a t ‘u n d e r  m o s t  c ir cu m s ta n c e s  la rg e  ro ll 
v o r t ic e s  in  th e  p la n e ta ry  b o u n d a r y  la y er  a re  d r iv en  b y  th e rm a l in s ta b ilit ie s ’ . T h e  stu d ies 
w h ich  le d  t o  th is  c o n c lu s io n  in c lu d e  th e o r e t ic a l w o rk  o n  th e  su p p ress ion  o f  in fle c t io n  p o in t  
in s ta b ility  b y  a ca p p in g  in v ers ion  (e .g . E tlin g  a n d  R a a sch , 1 9 8 7 ), a n d  m o d e llin g  stu d ies  o f  
th e  n e u tra l b o u n d a r y  la y er  w h ich  fa iled  t o  sh ow  e v id e n ce  o f  ro ll v o r te x  m o t io n  (e .g . M a son  
a n d  T h o m s o n , 19 8 7 ).
O v e ra ll, th e  lin ea r m o d e ls  are  g en era lly  su ccess fu l in  e x p la in in g  th e  ty p e s  o f  s tru ctu re  
o b s e r v e d  in  th e  c o n v e c t iv e  b o u n d a r y  la y er . T h e  in sigh t g a in ed  in to  th e  re leva n t p h y s ica l
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p ro ce sse s  is u se fu l b u t , w h ilst th e  a g reem en t w ith  ob se rv a tio n s  is re a so n a b le , th e  resu lts 
are  in su ffic ie n tly  re lia b le  t o  b e  u se d  as th e  basis  o f  a b o u n d a r y  la y er  p a ra m e tr iz a tio n .
1.4 L a b o r a t o r y  s t u d i e s
S u rro g a te  o b se rv a tio n s  o f  b o u n d a r y  la y er  tu rb u le n ce  ca n  b e  o b ta in e d  in  th e  la b o ra to ry , 
e ith e r  in  w in d  tu n n e l o r  ta n k  e x p e r im e n ts . S u ch  stu d ies  are m u ch  ch e a p e r  t o  p e r fo r m  th a n  
fie ld  e x p e r im e n ts  a n d  ca n  b e  ca rr ied  o u t  in  a m u ch  m o re  co n tro lle d  e n v iro n m e n t . H ow ev er , 
g en era liza t ion s  o f  th e  resu lts  t o  a tm o s p h e r ic  flow s m u st b e  m a d e  w ith  ca re  as la b o r a to r y  
s tu d ies  su ffer fr o m  th e  p r o b le m  o f  o b ta in in g  R e y n o ld s ’ n u m b e r  s im ila r ity  (T eu n issen  et  
al. , 1 9 8 7 ). T h e  le n g th  sca les in  th e  la b o r a t o r y  m u st b e  m u ch  sm a ller  th a n  th o s e  in  th e  
a tm o sp h e re  so , g iv en  th e  s im ilar va lu es o f  m o le cu la r  v is co s ity , th e  R e y n o ld s ’ n u m b e r  m u st 
b e  m u ch  sm aller  a n d  th e  e ffe c ts  o f  m o le cu la r  v is co s ity  re la t iv e ly  m o r e  im p o r ta n t .
In  sp ite  o f  th ese  reserv a tion s , resu lts  h a v e  b e e n  o b ta in e d  in  th e  la b o r a to r y  w h ich  are 
in  g o o d  a g reem en t w ith  th o se  fo u n d  in  th e  a tm o sp h e re . T eu n issen  e t al. (1 9 8 7 ) sh ow ed  
g o o d  co n s is te n cy  b e tw e e n  w in d  tu n n e l s im u la tion s  o f  flo w  o v e r  an  is o la te d  lo w  h ill an d  
fie ld  m ea su rem en ts  o n  A sk e rv e in  H ill in  th e  O u te r  H eb rid es  o f  S co t la n d . D e a rd o r f f  an d  
W illis  (1 9 8 5 ) d iscu ssed  h o w , as th e  la b o r a t o r y  m o d e l is m a d e  la rg e r , th e  R e y n o ld s ’ n u m b er  
b e c o m e s  ‘ la rg e ’ a n d  its  e x a c t  va lu e  b e c o m e s  p rog ress iv e ly  less re lev a n t. T h e  resu lts  fo r  
s ca le d  tu rb u le n ce  s ta t is tics  sh ou ld  n o t  th e n  b e  h e a v ily  d e p e n d e n t  o n  m o le cu la r  p ro p e r tie s , 
w h ich  is p a r ticu la r ly  d es ira b le  w h e n , as in  th e ir  ca se , th e  ta n k  u tilizes  w a ter  ra th er  th a n  
a ir. In  fa c t ,  th e  resu lts  fr o m  D e a rd o r ff  a n d  W illis  a n d  th e  earlier  s tu d y  o f  W illis  an d  
D e a r d o r f f  (1 9 7 4 ) are co n s is te n t  w ith  a tm o s p h e r ic  o b se rv a tio n s  (Y o n n g , 1 9 8 8 ). T h e  ta n k  
resu lts  o f  A d r ia n  e t al. (1 9 8 6 ) d iffer in  so m e  re sp e cts  as th e y  s tu d ie d  n o n -p e n e tra t iv e  
c o n v e c t io n  b e tw e e n  fix e d  p la tes .
L a b o r a to r y  stu d ies  o f  tu rb u le n ce  in  sh ear d r iv en  m ix e d  la yers  h a ve  a lso  b e e n  u sed  
b y  a tm o s p h e r ic  m o d e lle rs  as a  su rrog a te  fo r  fie ld  m e a su re m e n ts . F or e x a m p le , Z em a n  
a n d  T en n ek es  (1 9 7 7 ) u sed  resu lts  o f  th e  an nu lar ta n k  e x p e r im e n ts  o f  K a t o  a n d  P h illip s
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(1 9 6 9 ) t o  ca lib ra te  a p a ra m e tr iz a t io n  o f  th e  e n e rg y  b u d g e t  at th e  in v ers ion . H ow ev er , 
th e  p resen t a u th o r  is n o t  aw are  o f  a n y  a t te m p ts  in  th e  la b o r a t o r y  t o  sy s te m a tica lly  s tu d y  
th e  v a r ia t ion  o f  tu rb u le n ce  s ta tis tics  w ith  s ta b ility  in  c o n d it io n s  w h ere  b o t h  sh ear and  
b u o y a n c y  fo r c in g  are s ign ifica n t.
1.5 N u m e r i c a l  m o d e l l i n g  s t u d i e s
N u m e r ica l m o d e ls  ca n  a lso  b e  u sed  t o  s im u la te  th e  tu rb u le n t a tm o s p h e r ic  b o u n d a r y  
la y e r . D ire c t  n u m e rica l s im u la tion  (D N S ) a im s t o  p r o v id e  so lu tio n s  t o  th e  fu ll N a v ier- 
S tok es  e q u a tio n s  w ith o u t  a tu rb u le n ce  c lo su re , b u t  is cu rre n tly  re s tr ic te d  to  re la t iv e ly  
lo w  R e y n o ld s ’ n u m b e r  flow s d u e  t o  c o m p u te r  lim ita tio n s . A ll  o th e r  n u m e rica l sim ula ­
t io n  resu lts  are s u b je c t  t o  u n cer ta in tie s  d u e  t o  th e  tu rb u le n ce  c lo su re  p r o b le m . H ow ev er  
th e re  has b e e n  so m e  su ccess  in  d e m o n s tra t in g  th a t th e  resu lts  o f  s o m e  o f  th e  m o r e  c o m ­
p le x  m o d e ls  (e .g . la r g e -e d d y  a n d  s e co n d  o rd e r  c lo su re ) are n o t  u n d u ly  sen s it iv e  t o  th e  
p a ra m e tr iz a t io n  u sed . In  m a n y  cases th e  resu lts  o f  fa ir ly  id e a liz e d  stu d ies  h a v e  a lso  b e e n  
sh ow n  t o  b e  e n co u ra g in g ly  co n s is te n t  w ith  th o se  fo u n d  in  th e  a tm o sp h e re  a n d  in  th e  
la b o ra to ry .
T h e  p io n e e r in g  s tu d y  u sin g  la r g e -e d d y  s im u la tion  (L E S ) w as ca rr ied  o u t  b y  D eardorfF  
(1 9 7 2 a ). In  th is  te ch n iq u e  th e  ‘la rg e  e d d ie s ’ are re so lv e d  e x p lic it ly  on  a  n u m e rica l g rid , 
a n d  th e  e ffe c ts  o f  th e  sm a ller  ed d ies  are p a ra m e tr ize d  th ro u g h  a  su b g rid  m o d e l. M o re  
d eta ils  o n  th e  te ch n iq u e  ca n  b e  fo u n d  in  th e  n e x t  ch a p te r . D e a r d o r f f ’ s m o d e l co n s id e re d  
a  d r y  b o u n d a r y  la y er  d r iv en  b y  an im p o s e d  m ea n  p ressu re  g ra d ien t an d  su r fa ce  b u o y a n c y  
flu x , a n d  c a p p e d  b y  a s tress-free  r ig id  lid  w h ich  a c te d  as an  in fin ite  s tre n g th  in v ers ion  at 
h e ig h t z  =  z g  P e r io d ic  b o u n d a r y  co n d it io n s  w ere  im p o s e d  in  th e  h o r iz o n ta l d ire ct ion s  
in  d o m a in s  o f  le n g th  4 z t- in  th e  strea m w ise  d ire c t io n , an d  e ith e r  4 z t- o r  2z , in  th e  cross ­
s tre a m  d ire c t io n . In  sp ite  o f  th ese  id e a liza tio n s  an d  th e  lo w  re so lu tio n  o f  th e  n u m erica l 
m e sh  (m a x im u m  40 x  40 x  20 m e s h -p o in t s ) , s im u la tion s  w ere  su ccess fu lly  p e r fo r m e d  at 
Values o f  —Z ilL —0 , 1 .5 , 4 .5  a n d  45 . T h e  e x p e c te d  ch an ges  in  flo w  s tru c tu re  w ere  o b se rv e d ,
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a n d  va riou s  flo w  sta tis tics  w ere  p re se n te d . N ich o lls  a n d  R e a d in g s  (1 9 7 9 ) c o m p a r e d  th e ir  
m e a su re d  f lu x  a n d  v a r ia n ce  p ro files  w ith  th o s e  o f  D e a r d o r f f  a n d  fo u n d  g o o d  a g reem en t. 
T h e  resu lts  o f  th e  s e co n d  o rd e r  c lo su re  m o d e l  o f  W y n g a a r d  e t  al. (1 9 7 4 ) w ere  a lso  sh ow n  
t o  b e  in  g o o d  a g reem en t w ith  th e ir  m e a su re m e n ts .
T h e  c o n v e c t iv e  b o u n d a r y  la y e r  h as b e e n  sh ow n  t o  b e  p a r t icu la r ly  a m e n a b le  t o  la rge- 
e d d y  s im u la tio n , d u e  t o  th e  d o m in a n ce  o f  la rg e  th e rm a ls . D e ta ile d  stu d ies  h a v e  b e e n  
ca rr ie d  o u t  b y  M o e n g  (1 9 8 4 ) , M a s o n  (1 9 8 9 ) an d  S ch m id t a n d  S ch u m a n n  (1 9 8 9 ) . A n  
in te r co m p a r is o n  s tu d y  b y  N ie u w sta d t e t  a l  (1 9 9 1 ) , c o n s id e re d  a  d r y  in v e rs io n -ca p p e d  
b o u n d a r y  la y er  d r iv e n  b y  su rfa ce  h e a tin g  a n d  fo u n d  th a t  th e  resu lts  o f  fo u r  d iffe ren t co d e s  
w ere  in  g o o d  a g reem en t w ith  e a ch  o th e r , a n d  w ith  th e  a tm o s p h e r ic  d a ta  o f  L e n s ch o w  et  
a l  (1 9 8 0 ) a n d  th e  la b o r a to r y  d a ta  o f  W illis  a n d  D e a r d o r ff  (1 9 7 4 ) a n d  D e a r d o r ff  an d  
W illis  (1 9 8 5 ) .
T h e  d ry  sh ea r -d r iv en  b o u n d a r y  la y er  has a lso  b e e n  e x te n s iv e ly  s tu d ie d  u sin g  L E S  by , 
a m o n g st  o th e rs , M a so n  a n d  T h o m s o n  (1 9 8 7 , 1 9 9 2 ), A n d r e n  a n d  M o e n g  (1 9 9 3 ) , A n d re n  
e t  a l  (1 9 9 4 ) , a n d  M a s o n  a n d  B ro w n  (1 9 9 4 ) . T h e  A n d re n  e t a l  in te r co m p a r is o n  s tu d y  
aga in  sh o w e d  an  e n co u ra g in g  d eg ree  o f  c o n s is te n cy  b e tw e e n  th e  resu lts  o f  fo u r  d ifferen t 
c o d e s , a n d  M a so n  a n d  B ro w n  sh o w e d  th a t  th e  resu lts  o f  a  s im ilar  ru n  w ere  in  rea son a b le  
a g reem en t w ith  th e  K O N T U R  d a ta  o f  G ra n t (1 9 8 6 ) . T h e  a b s e n ce  o f  ro ll v o r t ic e s  in  th e  
n e u tra l L E S  o f  M a so n  a n d  T h o m s o n  (1 9 8 7 ) an d  in  th e  h ig h est R e y n o ld s ’ n u m b e r  D N S  
o f  C o le m a n  et a l  (1 9 9 0 ) w as c it e d  b y  E tlin g  a n d  B r o w n  (1 9 9 3 ) as e v id e n c e  fo r  th e  
im p o r ta n c e  o f  th e rm a l in s ta b ilit ie s  in  p r o d u c in g  su ch  s tru ctu re s  in  th e  a tm o sp h e re .
O th e r  stu d ies  h a v e  lo o k e d  at ch a n ges  in  b o u n d a r y  la y er  tu r b u le n c e  d u e  t o  th e  co m b in e d  
e ffe c ts  o f  sh ear a n d  b u o y a n cy . M a n y  h a v e  n o te d  th e  o b s e r v e d  tw o -d im e n s io n a lity  o f  ro ll 
v o r t ic e s  a n d  h a v e  u sed  tw o -d im e n s io n a l m o d e ls . F or e x a m p le , M a s o n  a n d  S ykes (1 9 8 0 , 
1 982 ) p e r fo r m e d  stu d ies  o f  th e  d ry  b o u n d a r y  layer. T h e  first o f  th e se  co n s id e re d  th e  
n e u tra l b o u n d a r y  la y er , a n d  th e  s e co n d  e x te n d e d  th e  m o d e l t o  in c lu d e  a  su rfa ce  b u o y a n c y  
f lu x  a n d  c a p p in g  in v ers ion . T h e  ro ll s tru ctu res  o b se rv e d  in  th e  s e c o n d  s tu d y  w ere  fo u n d  
t o  b e  in  b e t t e r  a g reem en t w ith  o b s e rv a t io n , a n d  th e  a u th ors  s ta te d  th a t  o b s e r v e d  rolls  ‘ are
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d r iv e n  m a in ly  b y  b u o y a n c y  e ffe cts  a n d  are  n o t  rea lly  re la te d  t o  sh ear in sta b ilit ie s  o f  th e  
E k m a n  b o u n d a r y  la y e r ’ . M a s o n  (1 9 8 5 ) c o n s id e re d  th e  m o is t  b o u n d a r y  la y e r , a n d  m o d e lle d  
th e  fo r m a t io n  o f  c lo u d  s tree ts . T u rb u le n t e n e rg y  a n d  d iss ip a tio n  w ere  fo u n d  to  b e  sim ilar 
t o  th o s e  in  th e  d r y  b o u n d a r y  la y e r  (e x c e p t  c lo se  to  th e  c lo u d  t o p )  a n d  it w as c o n c lu d e d  
th a t  la te n t h ea t re lease  has n o  m a rk e d  in flu en ce  o n  v o r te x  ro ll d e v e lo p m e n t . S ykes e t  al.
(1 9 8 8 ) a lso  u sed  a  tw o -d im e n s io n a l m o d e l  a n d  fo u n d  ra th er  m o r e  m a rk e d  e ffe c ts  (e .g . an 
in crea se  in  ro ll a sp e c t  r a t io )  d u e  t o  th e  e ffe c ts  o f  la ten t h e a tin g  a n d  en tra in m en t o f  w a rm  
d ry  air fr o m  a b o v e  th e  c lo u d  to p .
In  tw o -d im e n s io n a l stu d ies  a  ce rta in  a m o u n t o f  e m p ir ica l tu n in g  is re q u ire d  in  o rd er  
t o  fin d  th e  m o s t  a p p ro p r ia te  va lu es fo r  th e  tu rb u le n ce  le n g th  sca le  a n d  th e  an g le  b e tw e e n  
th e  g e o s tr o p h ic  w in d  a n d  th e  c o m p u ta t io n a l d o m a in . A ls o  th e rm a l c o n v e c t io n  is fo r c e d  
t o  h a v e  a  ro ll-lik e  s tru c tu re , w h e th e r  o r  n o t  th is  is th e  p re fe rre d  m o d e  in  th e  a tm o sp h e re . 
T h e r e fo r e  th e  resu lts  o f  s o m e  th re e -d im e n s io n a l la rg e -e d d y  s im u la tion s  are n o w  d iscu ssed .
S yk es a n d  H en n  (1 9 8 9 ) p e r fo r m e d  th re e -d im e n s io n a l la r g e -e d d y  s im u la tion s  o f  c o n ­
v e c t io n  b e tw e e n  f ix e d  p la te s , a n d  sh ow ed  re a so n a b le  a g reem en t b e tw e e n  th e ir  resu lts  an d  
th o se  fo u n d  in  th e  la b o r a to r y  b y  A d r ia n  e t al. (1 9 8 6 ) . T h e  in v e s tig a tio n  w as e x te n d e d  
b y  m o v in g  th e  p la tes  re la tiv e  t o  o n e  a n o th e r  t o  g iv e  a  c o n v e c t iv e  p la n e  C o u e t te  flo w . T h e  
a u th ors  c o n c e n tr a te d  m a in ly  o n  th e  e x is te n ce  o f  ro ll s tru ctu re s  w h ich  w ere  o b s e rv e d  fo r  
- Z i / L  <  9 , b u t  a lso  co n s id e re d  th e  v a r ia t ion  o f  th e  v a r ia n ce  p ro file s  w ith  s ta b ility . T ests 
w ere  a lso  ca rr ied  o u t  w h ich  re v e a le d  th a t  is w as p o ss ib le  t o  p r o d u c e  re a so n a b le  resu lts 
fo r  v e lo c i ty  va ria n ces  a n d  a sp e c t  ra tio  in  th e  ro ll reg im e , u sin g  a tw o -d im e n s io n a l m o d e l 
w ith  a p p ro p r ia te ly  ch osen  le n g th -s ca le  a n d  d o m a in  o r ie n ta t io n . H o w e v e r , it  w as a lso  p o s ­
sib le  t o  p r o d u c e  m is lea d in g  resu lts  a n d , c o m p u ta t io n a l re sou rces  p e r m itt in g , th e  u se  o f  
th re e -d im e n s io n a l m o d e ls  is t o  b e  p re fe rre d .
C h lo n d  (1 9 9 2 ) u sed  a m o d e l w h ich  in c lu d e d  c lo u d  p h y s ics , ra d ia t iv e  c lo u d  co o lin g  
a n d  th e  e ffe c ts  o f  la rg e -sca le  su b s id e n ce . T h e  m o d e l w as a p p lie d  t o  co n d it io n s  in  w h ich  
c lo u d  s tree t fo rm a tio n  w as o b s e rv e d  o f f  G re e n la n d , an d  e n co u ra g in g  co n s is te n cy  w ith  th e  
o b s e rv e d  c lo u d  p a tte rn  w as fo u n d .
14
CHAPTER 1: INTRODUCTION
O th e rs  a u th ors  h a v e  u sed  s im p ler  m o d e ls  t o  p e r fo r m  series o f  ru n s  in  d ifferen t c o n d i­
t io n s  (e .g .  th e  d ry  L E S  stu d ies  o f  M a s o n  (1 9 9 2 ) , a n d  M o e n g  a n d  S u llivan  (1 9 9 4 ) ) . M o e n g  
a n d  S u llivan  (1 9 9 4 ) d e s c r ib e d  h ig h  re so lu tio n  stu d ies  o f  in v e rs io n  c a p p e d  b o u n d a r y  layers 
in  n e u tra l co n d it io n s  ( —z , / X  =  0 ) ,  in  h ig h ly  c o n v e c t iv e  c o n d it io n s  ( —Z ijL  — 18 ) an d  in  
th e  in te rm e d ia te  re g im e  w h e re  b o t h  b u o y a n c y  a n d  sh ear are  im p o r ta n t  ( —Z{/L — 1 .4  an d  
1 .6 ) . V a riou s  tu rb u le n ce  s ta t is tics  in c lu d in g  th e  tu rb u le n t k in e t ic  e n e rg y  b u d g e t  w ere  
co n s id e re d . In te restin g ly , th e  ru ns in  th e  in te rm e d ia te  re g im e  sh o w e d  sim ilar tu rb u le n ce  
s ta t is t ics  a lth o u g h  o n e  sh ow ed  an  o rg a n iz e d  ro ll s tru c tu re  w h ile  th e  o th e r  d id  n o t . T h is  
is co n s is te n t  w ith  th e  ro lls  b e in g  s im p ly  an  o rg a n ize d  fo r m  o f  c o n v e c t io n  ra th er  th a n  
sep a ra te  a d d it io n a l fea tu res .
1.6 P a r a m e t r i z a t i o n  o f  t h e  c o n v e c t i v e  b o u n d a r y  l a y e r
L a rg e -sca le  n u m e r ica l w e a th e r  p r e d ic t io n  (N W P )  a n d  c lim a te  p r e d ic t io n  m o d e ls  ty p i­
ca lly  h a v e  h o r iz o n ta l m e sh -sp a c in g s  o f  o rd e r  ten s  or  h u n d red s  o f  k ilo m e tre s , a n d  v e rtica l 
sp a cin g s  o f  o rd e r  a  h u n d re d  m e tre s . T h e y  are th e re fo re  q u ite  in ca p a b le  o f  r e so lv in g  th e  
b o u n d a r y  la y er  tu rb u le n ce , th e  e ffe c ts  o f  w h ich  m u st b e  p a ra m e tr iz e d .
A s  d iscu ssed  b y  B e lja a rs  a n d  B e tts  (1 9 9 2 ) , a  rea listic  re p re se n ta tio n  o f  th e  b o u n d a r y  
la y e r  is im p o r ta n t  fo r  a  n u m b e r  o f  rea son s . F irst o f  all, th e  su r fa ce  flu x es  a ffect  th e  la rge - 
sca le  a tm o s p h e r ic  b u d g e ts  o n  a t im e  sca le  o f  a  fe w  d a y s . F or e x a m p le , in  A n n e x  l . A  at 
th e  e n d  o f  th is  ch a p te r , it  is sh ow n  th a t th e  t im e  sca le  fo r  th e  fillin g  o f  a  lo w  pressu re  
sy s te m  th ro u g h  E k m a n  p u m p in g  is in v e rse ly  p r o p o r t io n a l I/o u\. S e co n d ly , th e  b o u n d a r y  
la y e r  sch e m e  in te ra c ts  w ith  o th e r  p a rts  o f  a  la rg e -sca le  m o d e L  F or  e x a m p le , in co r re c t  
p r e d ic t io n  o f  b o u n d a r y  la y er  c lo u d s  w ill le a d  t o  errors  in  th e  flu x es  p r e d ic te d  b y  th e  
ra d ia t io n  sch em e . T h ird ly , m a n y  o f  th e  b o u n d a r y  la y er  va ria b les  are im p o r ta n t  fo re ca st  
p r o d u c ts . T h is  is c le a r ly  th e  ca se  fo r  th e  10 m  w in d  a n d  screen  le v e l te m p e ra tu re , b u t  
p ro files  fr o m  th e  en tire  b o u n d a r y  la y er  a n d  va lues o f  z t- a n d  z )/ L  m a y  a lso  b e  u sed  fo r  
o th e r  a p p lica tio n s  (e .g . d isp ers ion  m o d e llin g ) . \
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A  p a ra m e tr iz a t io n  o f  th e  c o n v e c t iv e  b o u n d a r y  la y er  m n st a d e q u a te ly  rep resen t th e  
e ffe c ts  o f  th e  tu rb u le n ce  o n  th e  m e a n  fie ld s  a cross  th e  en tire  s ta b ility  ra n g e  fr o m  co n d it io n s  
o f  fre e  c o n v e c t io n  t o  p u re  sh ear flo w . I t  has b e e n  sh ow n  th a t  m a jo r  ch a n ges  in  flow  
s tru c tu re  o c c u r  a cross  th is  s ta b ility  ra n g e , n o ta b ly  w ith  th e  a p p e a ra n ce  o f  h o r iz o n ta l 
c o n v e c t iv e  rolls  w h e n  b o t h  sh ear a n d  b u o y a n c y  fo r c in g  are im p o r ta n t . T h e s e  co n d it io n s  
are p a r ticu la r ly  c o m m o n  o v e r  th e  sea  a n d  as o ce a n s  co v e r  r o u g h ly  7 0 %  o f  th e  E a r th ’ s 
su r fa ce , a  g o o d  p a ra m e tr iz a t io n  o f  th e  sh ea red  co n v e c t iv e  b o u n d a r y  la y er  is o b v io u s ly  
im p o r ta n t . In  th e ir  re v ie w  a rtic le , E tlin g  an d  B ro w n  (1 9 9 3 ) su g g e ste d  th a t  th e  e ffe cts  
o f  la rg e -sca le  s tru ctu res  su ch  as ro lls  ca n n o t  b e  a d e q u a te ly  m o d e lle d  w ith  th e  s im p le  
d iffu s ion  co e ff ic ie n t  c losu res  w h ich  are o ft e n  u sed  in  la rg e -sca le  m o d e ls  an d  a d v o c a te d  a 
sep a ra te  p a ra m e tr iz a t io n  o f  th ese  fe a tu re s . H o w e v e r , i f  rolls  are b e lie v e d  to  b e  n o  m o re  
th a n  an  o rg a n iz e d  fo r m  o f  c o n v e c t io n , th e n  it is n o t  c lea r  th a t  th e ir  e x is te n ce  sh ou ld  
h a v e  a  m a jo r  e ffe c t  o n  tu rb u le n ce  s ta t is tics . T h is  w o u ld  su ggest th a t  th e  p e r fo rm a n ce  
o f  d iffu s ion  co e ff ic ie n t  m o d e ls , a lth o u g h  p o te n t ia lly  p o o r  in  all c o n v e c t iv e  co n d it io n s , is 
u n lik e ly  t o  b e  s ig n ifica n tly  w o rs e n e d  b y  th e  p re se n ce  o f  ro lls .
In  o rd e r  t o  ev a lu a te  c r it ica lly  th e  p e r fo rm a n ce  o f  tu rb u le n ce  p a ra m e tr iz a tio n s , h igh  
q u a lity  tu rb u le n ce  d a ta  is re q u ire d  across  th e  w h o le  ra n ge  o f  b o u n d a r y  la y er  s ta b ility . A s  
n o te d  in  S e c t io n  1 .2 , fie ld  d a ta  fr o m  th e  v e ry  u n s ta b le  b o u n d a r y  la y e r  is re a d ily  a va ilab le , 
a lth o u g h  ev en  h ere  co n s id e ra b le  u n ce r ta in tie s  rem a in  o v e r  th e  e ffe c ts  o f  cross -in v ers ion  
e n tra in m e n t (Y o u n g , 1 9 8 8 ). A d d it io n a l d a ta  fr o m  la b o r a t o r y  a n d  m o d e llin g  stu d ies  is 
a lso  a va ilab le .
A lth o u g h  m a n y  fie ld  stu d ies  h a v e  lo o k e d  at h o r iz o n ta l c o n v e c t iv e  ro lls , d e ta iled  m e a ­
su rem en ts  sh ow in g  th e  ch a n g es  in  th e  tu rb u le n ce  sta tis tics  w ith  s ta b ility  a re  in  sh ort 
su p p ly . T h e  s tu d ies  o f  P e n n e ll a n d  L e M o n e  (1 9 7 4 ) , N ich o lls  a n d  R e a d in g s  (1 9 7 9 ) an d  
G ra n t (1 9 8 6 ) are u se fu l in  th is  r e s p e c t , b u t  m o re  d a ta  is n e e d e d . D a ta  o n  th e  v a r ia tion  
o f  g e o s tr o p h ic  d ra g  co e ff ic ie n ts  w ith  s ta b ility  is a lso  ava ila b le  (e .g . fr o m  th e  W a n g a ra  e x ­
p e r im e n t  d e s c r ib e d  in  C lark e  et al. , 1 9 7 1 ), b u t  th e  resu lts  te n d  t o  b e  v e ry  s ca tte re d  (see  
e .g . A r y a , 1 9 7 5 ). E tlin g  a n d  B ro w n  (1 9 9 3 ) n o te d  th a t  re la t iv e ly  fe w  th re e -d im e n s io n a l 
m o d e llin g  stu d ies  o f  th e  sh ea red  c o n v e c t iv e  b o u n d a r y  la y er  h a v e  b e e n  ca rr ie d  o u t , an d
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a d v o c a te d  th e  u se  o f  la r g e -e d d y  m o d e ls  t o  p r o d u c e  tu rb u le n ce  d a ta se ts . T h e  m o d e l d a ta  
co u ld  th e n  b e  u sed , in  c o n ju n c t io n  w ith  su ch  fie ld  ob se rv a tio n s  as a re  a v a ila b le , t o  eva lu a te  
b o u n d a r y  la y er  p a ra m e tr iz a t io n  sch em es .
T h is  is th e  a p p ro a ch  ta k e n  in  th e  p resen t stu d y . A lth o u g h  la r g e -e d d y  m o d e ls  h a v e  to  
u se  a tu rb u le n ce  c lo su re  ( ‘ th e  su b g r id  m o d e l ’ ) ,  th e  resu lts  fr o m  a n u m b e r  o f  p re v io u s ly  
p u b lish e d  stu d ies  h a v e  b e e n  sh ow n  t o  b e  in  g o o d  a g reem en t w ith  o b se rv a tio n s . T h e y  ca n  
p r o v id e  sp a tia l an d  te m p o r a l re so lu tio n  fa r  g re a te r  th a n  an y  e x p e r im e n t  a n d  p r o v id e  a 
se lf-co n s is te n t  set a cross  th e  w h o le  s ta b ility  ra n ge . T h e  s im u la tion s  are a lm ost in v a ria b ly  
id e a lize d  (th o s e  in  th is  s tu d y , fo r  e x a m p le , w ill b e  d r y ) ,  b u t  th is  ca n  b e  o f  u se  in  iso la tin g  
th e  e ffe c ts  o f  d ifferen t p h y s ica l p ro ce sse s  su ch  as e n tra in m e n t. A ls o  th e re  is n o  d a n ger 
o f  co n ta m in a t io n  d u e  t o  u n k n o w n  e x te rn a l in flu en ces  su ch  as m e so sca le  a n d  o ro g ra p h ic  
fo r c in g  w h ich  m a y  b e  im p o r ta n t  in  th e  fie ld . A  d iscu ss ion  o f  th e  la r g e -e d d y  m o d e l u sed  
in  th is  s tu d y  ca n  b e  fo u n d  in  th e  n e x t  ch a p te r .
It  sh o u ld  b e  n o te d  th a t  th e  u se  o f  m o d e l  ra th er  th a n  fie ld  d a ta  t o  assess th e  va lu e  
o f  va r iou s  p a ra m e tr iza tio n s  is n o t  n e w . F or  e x a m p le , M o e n g  a n d  W y n g a a r d  (1 9 8 6 ) u sed  
L E S  t o  o b ta in  d a ta  o n  p ressu re -sca la r  cov a ria n ces  w h ich  are  a lm o st  im p o ss ib le  t o  m ea su re  
in  th e  fie ld . S im ilarly , A n d re n  a n d  M o e n g  (1 9 9 3 ) u sed  L E S  s im u la tion s  o f  th e  n eu tra l 
b o u n d a r y  la y er  t o  ev a lu a te  so m e  c o m m o n ly  u se d  c losu res  s ch em es  fo r  th e  d iss ip a tio n  an d  
p ressu re  re d is tr ib u t io n  te rm s  a p p e a r in g  in  s e c o n d -o r d e r  s in g le -p o in t  c lo su re  fo rm u la tio n s .
l . A  A n n e x  t o  C h a p t e r  1 : E k m a n  p u m p i n g
T h is  a n n e x  con s id ers  a  b o u n d a r y  la y er  w h ich  is d r iv en  b y  a  la rg e -s ca le  p ressu re  g ra d ien t 
w h ich  is co n s ta n t  w ith  h e ig h t. T h e  p ressu re  g ra d ien t ca n  b e  re la te d  t o  a g e o s tr o p h ic  w in d  
(s p e e d  6 ?) w h ich  is th e  w in d  fo r  w h ich  th e  C orio lis  fo r c e  w o u ld  e x a c t ly  b a la n ce  th e  p re s ­
su re  g ra d ien t fo r c e  (see  C h a p te r  2 ) . T h e  avera ge  b o u n d a r y  la y er  flo w  is b a ck e d  (r o ta te d  
a n tic lo ck w is e ) re la t iv e  t o  th e  g e o s tr o p h ic  w in d  d u e  t o  th e  tu rb u le n t  stresses . B y  ta k in g  
a c o o r d in a te  sy s te m  w ith  th e  jc-axis a lig n ed  w ith  th e  g e o s tr o p h ic  w in d  an d  in teg ra tin g
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th e  e q u a tio n s  o f  m o t io n  n e g le c t in g  th e  a d v e c t io n  te rm s  a n d  a ssu m in g  s ta t io n a r ity  a n d  n o  
flu x es  at Zi, an  e x p re ss io n  ca n  b e  o b ta in e d  fo r  v mi th e  b o u n d a r y  la y er  a vera ge  cross -isob a r  
w in d  sp e e d
Vm =  \ fz - )  C° S a °
H ere  /  is th e  C or io lis  p a ra m e te r  a n d  a 0 is th e  su rfa ce  a g e o s tro p h ic  a n g le . U sin g  th is 
resu lt a n d  th e  co n t in u ity  e q u a tio n  fo r  an  in co m p re ss ib le  flu id  (n e g le c t in g  va ria tion s  in  
th e  a ;-d ire c t io n ), th e  fo llo w in g  e s t im a te  o f  th e  m ea n  v e r t ica l v e lo c i ty  at th e  to p  o f  th e  
b o u n d a r y  la y er  ca n  b e  o b ta in e d
W:
- r ( 5 ) * ~ 5 j £ > - - 5 ( 3 T ! s )  '*■*>
F or  a lo w  p ressu re  re g io n  th e re  w ill b e  n ea r  su rfa ce  c o n v e rg e n ce  a n d  a scen t w h ich  w ill 
te n d  t o  fill th e  d ep ress ion  (in  th e  a b se n ce  o f  la rg e -sca le  d iv e rg e n ce  a lo f t ) .  T h e  ‘ sp in -d o w n  
t im e ’ ca n  b e  e s t im a te d  u sin g  th e  v o r t ic ity  e q u a tio n  w h ich , fo r  s y n o p t ic  sca le  m o t io n s , can  
b e  w r itte n  a p p ro x im a te ly  as
i  ■ tf, <“ >
w h ere  £ is th e  v o r t ic ity , o r  s tr ic t ly  its  v e r t ica l c o m p o n e n t  (H o lto n , 1 9 7 9 ). In te g ra tin g  fr o m  
th e  t o p  o f  th e  b o u n d a r y  la y er  ( z  =  Zi) t o  th e  t ro p o p a n s e  ( z  =  H ) ,  a ssu m in g  th a t  w  =  0 
at z  =  i f ,  H  Z{ a n d  C — Cg (w h e re  ( g is th e  g e o s tro p h ic  v o r t ic i t y ) ,  a n d  su b s titu tin g  fo r  
Wi fr o m  (1 .4 )  lead s  to
d (g 1  d ( u l c o s a )
dt H  d y  K }
T o  re la te  th e  su r fa ce  stress an d  a g e o s tro p h ic  angle  to  th e  g e o s tr o p h ic  w in d  requ ires  a 
k n o w le d g e  o f  th e  R o s s b y  s im ila r ity  co e ff ic ie n ts , A  a n d  B .  H o w e v e r , it is p o ss ib le  to  
p r o c e e d  fu r th e r  b y  n o t in g  th a t  o b s e rv e d  va lu es o f  a o  in  m id -la t itu d e s  are ra re ly  o u ts id e  
th e  ra n g e  0 — 40 , a n d  th a t  a  v a r ia t ion  in  an g le  b e tw e e n  th e se  lim its  lea d s  t o  o n ly  a  2 5 %  
ch a n g e  in  cos  a o . In  co n tra s t , va lu es o f  u 2 a re  o b se rv e d  t o  v a ry  m u ch  m o re  m a rk e d ly  and  
so , t o  a  first a p p ro x im a t io n , c o s a o  ca n  b e  tre a te d  as a c o n s ta n t . S u b s t itu t in g  u * =  G gG  
a n d  a ssu m in g  th a t  C g , th e  g e o s tr o p h ic  d ra g  co e ff ic ie n t , is co n s ta n t  lea d s  to
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A /
A  i/k
i >-K%N  
%
(1.8)
U sin g  rea lis tic  va lues o f  H  =  10000 m , G  =  10 m s- 1 , G 2 ~  0.002 a n d  a0 = 25°, gives 
a  t im e  sca le  o f  a ro u n d  6  d a ys  w h ich  is  o f  th e  co rre c t  o rd e r  o f  m a g n itu d e . N o te  th a t  fo r  
g iv e n  g e o s tr o p h ic  w in d , th e  t im e  sca le  is p ro p o r t io n a l t o  l j { u 2 c o s  ao)*  H e n ce  a ccu ra te  
p r e d ic t io n  o f  th e  su rfa ce  stress b y  th e  b o u n d a r y  layer s ch en je  is im p o r ta n t  fo r  la rg e -sca le  
d e v e lo p m e n t . /  ^
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T h is  ch a p te r  g ives deta ils  o f  th e  la r g e -e d d y  m o d e l w h ich  has b e e n  u se d  t o  s im u la te  th e  d ry  
c o n v e c t iv e  b o u n d a r y  la y er  in  th is  s tu d y . A  b r o a d  o u tlin e  is g iv en  o f  th e  ty p e s  o f  s im u la tion  
p e r fo r m e d , a n d  variou s m o d e llin g  issues su ch  as th e  ch o ice  o f  th e  m o s t  su ita b le  d o m a in  
size , are  d iscu ssed . D e ta ile d  d e scr ip t io n s  o f  som e  o f  th e  s im u la tio n s , th e  resu lts  o f  w h ich  
are u sed  re p e a te d ly  th ro u g h o u t  th e  rem a in d er  o f  th is  th es is , are g iv en  in  S ection s  2 .3 .3  
a n d  2 .3 .4 .
2.1 T h e  l a r g e - e d d y  m o d e l
T h e  s p e c tr a  o f  a tm o sp h e r ic  tu rb u le n ce  ca n  span  severa l d e ca d e s  in  w a v e n u m b e r  sp a ce . 
L a rg e  ed d ies  in  a c o n v e c t iv e  b o u n d a r y  la y er  sca le  o n  th e  b o u n d a r y  la y er  d e p th  a n d  are 
ty p ic a l ly  o f  s ize  0 ( 1  k m ). H o w e v e r  th e  sm allest tu rb u le n ce  s ca le , th e  K o lm o g o r o v  m i­
c ro s ca le  tj =  (ty|o // e ) 1 / 4  (w h e re  vmo\ is th e  m o le cu la r  v is c o s ity  o f  a ir a n d  e is  th e  d iss ip a tion  
r a te )  is o f  0 ( 1  m m ) in  th e  a tm o sp h e re . D ire c t  s im u la tion  o f  all sca les  s im u lta n e o u s ly  is 
th u s  im p o s s ib le  a n d  lik e ly  t o  rem a in  so  fo r  th e  fo rse e a b le  fu tu re . H o w e v e r , as th e  len g th
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sca les fo r  p r o d u c t io n  ( lprod) a n d  m o le cu la r  d iss ip a tion  (Idis — tj) d iffer  b y  severa l o rd ers  o f  
m a g n itu d e , th ere  is an  in ertia l su b ra n ge  fo r  lprod I Idis w h ich  is ch a ra c te r iz e d  o n ly  b y  
I  a n d  e. In  la r g e -e d d y  s im u la tion  (L E S ) a  filte r  is a p p lie d , sep a ra tin g  th o s e  m o t io n s  w h ich  
are  g o in g  t o  b e  re so lv e d  fr o m  th o s e  w h ich  w ill h a ve  t o  b e  p a ra m e tr iz e d . Id e a lly  th is  filter  
lies in  th e  in ertia l su b ra n ge , in  w h ich  ca se  th e  sn b g rid  p a ra m e tr iz a t io n  is fa ir ly  s im p le  and  
ra tio n a lly  b a se d . In  p r a c t ic e  th e  m o d e l  m a y  n o t  re so lv e  in to  th e  in ertia l su b ra n ge  b u t , as 
th e  re so lv e d  la rg e  ed d ies  ca rry  m o s t  o f  th e  tu rb u le n ce  e n e rg y  a n d  flu x e s , th e  te ch n iq u e  
rem a in s  u se fu l.
A c c o r d in g ly  a filte r  o p e ra t io n  is a p p lie d  t o  th e  N a v ie r -S tok es  e q u a tio n s  a n d  a so lu tion  
is sou gh t t o  th e  fo llo w in g  co n tin u o u s  e q u a tio n s  fo r  th e  re so lv e d  v e lo c ity , ( u i , ^ 2 , 1 4 3 ) — 
( u , v , w ) ,  a n d  p o te n t ia l te m p e ra tu re , 6 , in  a  B ou ss in esq  flu id  w ith  re fe re n ce  te m p e ra tu re  
6r a n d  d e n s ity  p r . E in ste in  su m m a tio n  n o ta t io n  is u sed , a n d  th e  o v e rb a rs  d e n o te  re so lv ed  
q u a n titie s .
dui d (UiUj) 1 dp 1 dP0 . r ( 9 \ fn n \ dri
dt
(2.2)dui „^  = °
de 8fee) QHi
dt +  dxi dxi 1 1
N o te  th a t  e ffe cts  o f  m o le cu la r  v is c o s ity  o n  th e  reso lv ed  fie lds  are n e g le c te d . T h is  in fin ite  
R e y n o ld s ’ n u m b e r  a p p ro x im a t io n  is va lid  b e ca u se  o f  th e  sca le  se p a ra tio n  w h ich  ex ists  
b e tw e e n  th e  filte r  sca le  a n d  ldis . T h e  last te rm  in  E q u a t io n  (2 .1 )  is th e  C orio lis  te rm . 
p  is th e  p ressu re  a n d  d P o / d x i  is an  im p o s e d  p ressu re  g ra d ien t. T h is  ca n  b e  re la te d  to  
an  im p o s e d  g e o s tro p h ic  w in d , G ,  w h ich  is th e  w in d  fo r  w h ich  th e  C orio lis  fo r c e  w ou ld  
e x a c t ly  b a la n ce  th e  p ressu re  g ra d ien t fo r c e . It  has m a g n itu d e  G  a n d  c o m p o n e n ts  u g an d  
v g in  th e  x -  a n d  ^ -d ire c t io n s  g iv en  b y
1 8P°
“ a  =  - 7  5 “  ( 2 -4 )d y
Vn — <2'*>
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w h ere  /  is th e  C orio lis  p a ra m e te r  w h ich  has a  va lu e  o f  10“ 4 s~ 1  at 4 5 °N . N o te  th a t  in  
th is  B o n ss in e sq  fra m e w o rk  it w ill s o m e tim e s  b e  u se fu l t o  co n s id e r  b u o y a n c y , b =  9 ,
ra th e r  th a n  p o te n t ia l te m p e ra tu re . A ls o , m e n tio n  o f  d e n s ity  is su p p ressed  (e q u iv a len t to  
ch o o s in g  u n its  o f  m ass so  th a t  th e  d e n s ity  is u n ity ) , so  th a t  b o t h  e n e rg y  a n d  stress h a ve  
u n its  o f  (m 2 s~ 2) .
T ij, th e  su b g r id  stress te n so r , a n d  FT,*, th e  sn b g rid  h ea t f lu x , h a v e  t o  b e  p a ra m e tr iz e d . 
T h is  is u su a lly  d o n e  d e te rm in is t ica lly , o ft e n  u sin g  th e  S m a g o r in sk y  m o d e l (S m a g or in sk y , 
1963 ) w h ich  is essen tia lly  a 3 -d im e n s io n a l m ix in g  le n g th  c lo su re
(du{ d u A  .
*  =  - ( 2 .7 )
T h e  e d d y  v is c o s ity  ( j/ )  a n d  d iffu s iv ity  ( )  are g iv en  b y :
v = X2Sfm(Rip) (2.8)
=  A 2 Sf„(2 .9 )
s--K S +S)' «
a n d  A is a le n g th  sca le  w h ich , in  th e  in te r io r  o f  th e  flo w , has a  co n s ta n t  v a lu e , A0 , w h ich  
is re la te d  to  th e  fi lte r -s ca le . S ta b ility  d e p e n d e n ce  is in tr o d u c e d  th ro u g h  fm(Rip) an d  
fh(Rip) w h ich  are fu n c t io n s  o f  lo c a l  g ra d ien t R ich a rd so n  n u m b e r  (c a lc u la te d  p o in tw is e ). 
F or deta ils  see B ro w n  e t a l  (1 9 9 4 ) .
C lo se  t o  th e  su r fa ce  th e  le n g th  sca le  o f  th e  sn b g rid  m o t io n s  m u st d ecrea se  so  th a t A 
is p r o p o r t io n a l to  th e  d is ta n ce  fr o m  th e  w a ll ( z ) .  T h e  r ig id  lid  at th e  to p  o f  th e  d o m a in  
( z  =  h ) fo r ce s  w  — 0  so  it  is re a so n a b le  t o  im p o s e  a sim ilar d e cre a se  in  le n g th  sca le  t o  th e  
t o p  o f  th e  d o m a in . T h e  m a tch in g  re la t io n  is w r itte n
A2 A02 {kz)2 (rc(h — z))2  ^ ^
w h ere
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w h e re  k  is th e  v o n  K a rm a n  c o n s ta n t . T h is  m a tc h  is fa ir ly  a rb itra ry , b u t  w as fo u n d  to  
g iv e  th e  b e s t  resu lts  b y  M a so n  a n d  T h o m s o n  (1 9 9 2 ) . T h e  b a c k s c a tte r  m o d e l (see  b e lo w ) 
is a lso  sen sitive  t o  th is  m a tc h , a n d  M a so n  a n d  B ro w n  (1 9 9 4 ) sh o w e d  th a t  a p p ro x im a te ly  
th e  c o r r e c t  a m o u n t o f  e n e rg y  w as b a c k s c a tte r e d  w h en  u sin g  th is  m a tch in g  re la t ion .
N o te  th a t  th e  a p p ro a ch  ta k e n  h as fo llo w e d  M a so n  a n d  C a lle n  (1 9 8 6 ) b y  con s id er in g  
th e  filte r  t o  b e  d e fin ed  b y  th e  su b g r id  m o d e l , a n d  t o  b e  in d e p e n d e n t  o f  th e  fin ite -d iffe re n ce  
g r id . In d e e d , th e  c lo su re  m o d e l w o u ld  b e  b e t t e r  te rm e d  th e  ‘ su b filte r  m o d e l ’ th a n  th e  
‘ su b g r id  m o d e l ’ , b u t  th e  la t te r  is a lm o st  in v a ria b ly  u sed  a n d  has b e e n  a d o p te d  h ere . 
T h e  filte r  d e te rm in es  w h ich  e d d ies  are t o  b e  re so lv e d , a n d  th e  g r id  is th e n  ch o se n  so 
as t o  b e  a b le  t o  p r o p e r ly  re so lv e  th o s e  ed d ies . N o  p a rticu la r  va lu e  o f  th e  S m a g orin sk y  
co n s ta n t ((7 S =  A o /A  w h ere  A  is a m ea su re  o f  th e  r e so lu t io n ) is c o r r e c t  in  a n y  sen se. S m all 
va lu es w ill lea d  to  fin ite -d iffe re n ce  errors  as th e  filte r -s ca le  b e c o m e s  sm aller th a n  th e  m esh  
s p a c in g . L a rg e  va lu es, im p ly in g  a m esh  m u ch  fin er  th a n  th e  filte r , are fin e  in  p r in c ip le  b u t  
a re w a s te fu l o f  c o m p u ta t io n a l re so u rce s . T h e  values ch osen  are  th e re fo re  c o m p ro m ise s , 
a n d  th e  u se  o f  d ifferen t va lu es fo r  d ifferen t flow s  resu lts fr o m  try in g  t o  m a k e  th e  b e s t  use 
o f  re sou rces  in  ea ch  ca se , ra th e r  th a n  a n y  fu n d a m e n ta l a sso c ia t io n  o f  p a r ticu la r  values 
w ith  d ifferen t flo w  ty p e s .
T h e  b o u n d a r y  co n d it io n s  u sed  are p e r io d ic  in  th e  h o r iz o n ta l. T h e  lo w e r  b o u n d a r y  
is a  n o -s lip  w a ll, w ith  im p o s e d  su r fa ce  h ea t flu x  (ch a ra c te r iz e d  b y  rou g h n ess  le n g th s , 
Zo =  0 .1 m  fo r  m o m e n tu m , a n d  z 0t =  0 .0 1 m  fo r  h e a t ) . T h e  su r fa ce  la y er  is co n s id e re d  
t o  b e  in  lo c a l  e q u ilib r iu m  b e tw e e n  th e  su rfa ce  a n d  ea ch  o f  th e  low est g r id  p o in ts , an d  
M o n in -O b u k h o v  s im ila r ity  is a p p lie d  p o in tw ise . P r o v id e d  th a t  th is  is a p p lie d  su ffic ien tly  
c lo se  t o  th e  su rfa ce  fo r  th e  la rg e -sca le  a cce le ra t io n  te rm s to  h a v e  a  n eg lig ib le  e ffe c t  o n  th e  
stress b u d g e t  th e n  th is  a p p ro a ch  is ju s t if ie d  an d  resu lts  w ill b e  in d e p e n d e n t  o f  th e  e x a c t  
h e ig h t o f  th e  low est g r id  p o in ts . T h e  to p  b o u n d a r y  is a r ig id  lid  at h e igh t h  w h ere  th e  
stress a n d  h ea t flu x  are set to  zero .
D e te rm in is t ic  m o d e ls  su ch  as th e  S m a g or in sk y  m o d e l h a v e  b e e n  u sed  e x te n s iv e ly  an d  
w ith  co n s id e ra b le  su ccess  in  m o d e llin g  th e  a tm o sp h e r ic  b o u n d a r y  la y er . H o w e v e r , M a son
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v \
a n d  T h o m s o n  (1 9 9 2 ) p o in te d  o u t  th a t  p re v io u s  s im u la tion s  o f  th e  n e u tra l s ta t ic -s ta b ility  
b o u n d a r y  la y er  h a d  all sh ow n  e x ce ss iv e  sh ear in  th e  se m i-re so lv e d  n ea r-w a ll reg ion . T h e y  
a rg u e d , fo llo w in g  C h a sn o v  (1 9 9 1 ) , th a t  th e  su b g r id  m o d e l sh ou ld  n o t  b e  d e te rm in is t ic  as 
th e  su b g r id  m o t io n s  are in flu e n ce d  b u t  n o t  fu lly  d e te rm in e d  b y  re so lv e d  m o t io n s . T h e  
a d d it io n  o f  s to ch a s t ic  su b g r id  stress flu c tu a t io n s  t o  th e  m o d e l h as th e  e ffe c t  o f  tra n sfe r ­
r in g  s o m e  en e rg y  fr o m  sm all t o  la rg e  sca les , aga in st th e  tu rb u le n t e n e rg y  ca sca d e  (h e n ce  
‘ b a c k s c a t te r ’ ) a n d  w as sh ow n  t o  le a d  t o  a  m u ch  m o re  rea lis tic  s im u la te d  v e lo c i ty  p ro file . 
M a s o n  a n d  B ro w n  (1 9 9 4 ) p e r fo r m e d  variou s tests  c o n ce rn in g  th e  im p le m e n ta t io n  o f  th e  
b a ck s c a tte r  p ro ce ss  in  th e  m o d e l , s tu d y in g  fo r  e x a m p le  th e  e ffe c ts  o f  ch a n g in g  th e  spa tia l 
a n d  t im e  sca les  o f  th e  s to ch a s t ic  v a r ia tion s . T h e y  c o n c lu d e d  th a t  th e  p r o p o s e d  m o d e l 
o f  M a so n  a n d  T h o m s o n  (1 9 9 2 ) w as fa ir ly  o p t im u m , an d  u se d  it  t o  p e r fo rm  a  h ig h  res­
o lu t io n  s im u la tion  o f  th e  n e u tra l b o u n d a r y  la y er . T h e  b a ck s c a tte r  m o d e l w as e x te n d e d  
t o  in c lu d e  b u o y a n c y  e ffe cts  b y  B ro w n  et al. (1 9 9 4 ). T h e y  sh ow ed  in  s im u la tion s  o f  th e  
s ta b le  b o u n d a r y  la y er  th a t  th e  u se  o f  b a ck s ca tte r  le d  to  n o n -d im e n s io n a l v e lo c i ty  and 
te m p e r a tu r e  g ra d ien ts  in  m u ch  b e t t e r  a g reem en t w ith  o b se rv a tio n s . O n ly  a  v e ry  b r ie f  
d e s c r ip t io n  o f  th e  m o d e l is g iv en  h ere  as fu ll deta ils  ca n  b e  fo u n d  in  th e  a fo re m e n tio n e d  
p a p e rs .
T h e  b a ck s ca tte r  p ro ce ss  is m o d e lle d  b y  a d d in g  ra n d o m  stress f lu c tu a t io n s  t o  th e  s ta n ­
d a rd  S m a g or in sk y  m o d e l . T h e  sp a ce  a n d  t im e  sca les o f  th ese  v a r ia tion s  (w h ich  sh ou ld  b e  
th e  im p lie d  filte r  sca le  an d  su b g r id  tu rb u le n ce  t im e  s ca le ) are d ea lt ,w ith  a p p ro x im a te ly  
b y  u s in g  a  1 :2 :1  filte r  an d  ch a n g in g  th e  ra n d o m  n u m b ers  e v e ry  tw o  t im e s te p s . T h e  m o d e l 
en su res th a t  th e  ra tes  o f  b a ck s ca tte r  o f  e n e rg y  an d  sca la r  v a r ia n ce  are g iv en  b y :
(2, 2)
&/ \ d t  /  ± A o
8 (B'2/ 2)
(2 .1 3 )
/  \ ^  
w h e re  e is th e  d iss ip a tio n , eo is th e  d iss ip a tio n  o f  sca lar  v a r ia n ce , a n d  Ar is a ty p ica l 
su b g r id  le n g th  sca le  d e fin ed  th ro u g h :
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w h e re  R f p is th e  flu x  R ich a rd s o n  n u m b e r , ca lcu la te d  p o in tw ise . Gb a n d  Gbo are  con sta n ts  
w h o se  m a g n itu d e  ca n  b e  e s t im a te d  u sin g  E D Q N M  th e o ry . H o w e v e r , th e ir  e x a c t  values 
d e p e n d  o n  th e  (u n k n o w n ) filte r  sh a p e , a n d  th e  a m ou n t o f  b a c k s c a tte r  is sen s it iv e  t o  th e  
p re c ise  fo r m  o f  th e  m a tch in g  re la t io n  so  th e re  is a  d eg ree  o f  e m p ir ic ism . M a so n  a n d  B ro w n  
fo u n d  th a t  g o o d  resu lts  w ere  o b ta in e d  u sin g  m a tch in g  re la t io n  ( 2 . 1 1 ) a lon g  w ith  th e  values 
G b  =  1 -4 , G bo  =  0 .45  a n d  th is  has b e e n  a d o p te d  h ere . S u b g r id  e s tim a tes  o f  en e rg y  an d  
sca lar  v a ria n ce  are m a d e  u sin g  E q u a tion s  (1 3 ) a n d  (1 4 )  o f  B r o w n  e t  al. (1 9 9 4 ) .
In  v ie w  o f  th e  th e o re t ica l a rg u m en ts  th a t  th e  su b g r id  m o d e l sh ou ld  b e  s to c h a stic , an d  
th e  e v id e n ce  th a t  m o re  rea lis tic  v e lo c ity  a n d  te m p e ra tu re  g ra d ien ts  are o b ta in e d  w ith  
su ch  a  m o d e l , th e  u se  o f  b a c k s c a tte r  h as b e e n  a d o p te d  as s ta n d a rd  in  th e  p resen t stu dy . 
B a ck s ca t te r  has n o t  p re v io u s ly  b e e n  u sed  in  s im u la tion s  o f  th e  c o n v e c t iv e  b o u n d a r y  la y er , 
a n d  a lth o u g h  its  e ffe ct  is e x p e c te d  t o  b e  less m a rk e d  th a n  in  n e u tra l flow s , th is  m u st b e  
te s te d . A c c o r d in g ly  a d d it io n a l ru ns h a v e  b e e n  ca rr ied  o u t  u sin g  th e  b a s ic  S m a g orin sk y  
m o d e l  in  th e  lim it in g  cases o f  p u re  sh ear flo w  an d  free  c o n v e c t io n , so  th a t  th e  im p a c t  o f  
b a ck s c a tte r  ca n  b e  assessed .
T h e  n u m erica l m e th o d s  u sed  are sim ilar t o  th o se  d iscu ssed  b y  M a so n  a n d  C a llen  
(1 9 8 6 ) . T h e  variab les  are s to re d  o n  a s ta g g ered  m esh  an d  th e  s ta n d a rd  m o d e l uses th e  
P ia cse k  a n d  W illia m s  (1 9 7 0 ) fo r m  o f  th e  n on -lin ea r  te rm s w h ich , w ith  th e  le a p fro g  tim e - 
s te p p in g  s ch e m e , en su res co n se rv a tio n  o f  e n e rg y  an d  sca lar v a r ia n ce . S  a n d  u  are ca lcu ­
la te d  a n d  s to re d  o n  w -p o in ts  to  a v o id  a v era g in g  o f  v e r t ica l d er iv a tiv es .
S lig h tly  d ifferen t n u m e r ica l fo rm u la tio n s  w ere  u sed  in  so m e  o f  th e  s im u la tion s . S om e  
o f  th e  ea r ly  s im u la tion s  u sed  a th re e -le v e l lo c a lly  im p lic it  s ch e m e  fo r  v e r t ic a l d iffu sion  
te rm s  (H o b s o n  e t  a l., 1 9 9 5 ), w h ile  th e  s im u la tion s  in v o lv in g  te m p e ra tu re  in vers ion s  u sed  
a t o t a l  v a r ia n ce  d im in ish in g  ( T V D )  s ch e m e  fo r  a d v e c t io n  o f  te m p e ra tu re  (L e o n a rd , 1 991 ). 
M o r e  d eta ils  o n  th ese  sch e m e s , a n d  d iscu ss ion  o f  p ro b le m s  e n co u n te r e d  in  im p le m e n tin g  
th e m  con s is ten t ly , ca n  b e  fo u n d  in  A p p e n d ic e s  2 .A . 1  a n d  2 .A . 2  at th e  en d  o f  th is ch a p te r .
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2*2 E n e r g y  T r a n s f e r s  in L E S
M a n y  a u th ors  h a v e  s tu d ie d  th e  variou s te rm s  in  th e  tu rb u le n ce  k in e tic  e n e rg y  b u d g e t  
u sin g  la r g e -e d d y  s im u la tion  (e .g . M a so n  a n d  T h o m s o n  (1 9 8 7 ) , A n d r e n  e t a l  (1 9 9 4 ) , 
M o e n g  a n d  S u llivan  (1 9 9 4 ) ) . H o w e v e r , th e re  are variou s p o s s ib le  w a ys  o f  in co rp o ra t in g  
th e  e ffe c ts  o f  th e  su b g r id  m o d e l in  t o  th e  b u d g e t , a n d  th e  m e t h o d  u se d  h as n o t  a lw ays b e e n  
m a d e  c lea r . H ere  th e  b u d g e t  e q u a tio n  is d e r iv e d , s ta rt in g  fr o m  th e  filte re d  B ou ss in esq  
a p p ro x im a t io n  t o  th e  N a v ie r -S tok es  e q u a tion s  w h ich  are u sed  in  th e  m o d e l . -T h is  lead s  t o  a 
c lea rer  u n d e rs ta n d in g  o f  th e  tra n sfers  th a t  o c c u r  b e tw e e n  e n e rg y  o f  th e  m e a n  flo w  (M K E ) ,  
re so lv e d  tu rb u le n t k in e tic  en e rg y  (R K E )  a n d  su b g r id -sca le  tu rb u le n t  k in e tic  e n e rg y  (S K E ).
E q u a t io n  (2 .1 )  reads
§ ♦  ■ - 7 + -  7,t * •*■ ( S  P  - ' ’ ■ ) ~ g ~ ’* * “ <*• <“ >
w h ere  th e  su b g r id  stress te n so r , r , j ,  is d e fin ed  as in  E q u a t io n  (2 .6 ) .  N o w  w ritin g  u ,• =  
(u i) + u 'i ,  T{j =  ( r , j )  -f- r -j p  =  (p ) +  p\  9 =  {$ )  -j- 9' an d  su b s t itu t in g  in  E q u a t io n  (2 .1 5 ) 
lea d s  to
d t  d x j
~  ©  ( w + r  ~ 90 - g((l  ( W + 541
(2 .1 6 )
N e x t  a vera g in g  th e  w h o le  o f  th is  e q u a tio n  g ives
d {u j )  d( ( « < ) ( % )  +  __
d t  d x j
-  (£) M i)  m
a n d  su b tra c t in g  E q u a t io n  (2 .1 7 ) fr o m  (2 .1 6 ) leads to  
du'i , d  ( ( « , } « <  +  « ( ( « > , ' +  (u 'iu 'f )  1  0 /  ( g ^  , d r lj
sF +  : ------------- = - J d l i +  U ) e ~ d J -  2e' ^ jUk
(2.18)
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F ro m  E q u a tio n s  (2 .1 7 )  an d  (2 .1 8 ) ex p ress ion s  ca n  b e  o b ta in e d  fo r  th e  ra tes  o f  ch a n g e  
o f  th e  e n e rg y  o f  th e  m e a n  flo w  (M K E ) ,  a n d  o f  th e  re so lv e d  sca le  tu rb u le n t k in e t ic  en e rg y  
(R K E ) .  T h e  first o f  th ese  is ca lcu la te d  b y  m u lt ip ly in g  E q u a t io n  (2 .1 7 )  b y  (w,-), a n d  n o tin g  
th a t  th e  u se  o f  p e r io d ic  b o u n d a r y  co n d it io n s  in  th e  h o r iz o n ta l d ire c t io n s  in  th e  la rge - 
e d d y  m o d e l m ea n s th a t  d (a )/ d x i  == d (a )/ d x 2 =  0  fo r  a ll {a )  (e x c e p t  fo r  (a ) =  P 0) ,  a n d  
(u 3) — 0 . A fte r  som e  m a n ip u la t io n  th e  fo llo w in g  e q u a tio n  is o b ta in e d
5 ( « ? / 2 )  tirKl d p ° , 0 ( ( « .• }  f c s »  . - , „ l n %
- d f -  =  - {Ui)y r - d i + ^ 7  — d i3— +<Ti3)^ 7  ( 9)
T h e  b o u n d a r y  la yer  w in d  is g en era lly  b a ck e d  re la tiv e  t o  th e  g e o s tr o p h ic  w in d , an d  th e  
p ressu re  g ra d ien t te r m  th e n  lea d s  t o  p r o d u c t io n  o f  M K E . T h e  s e co n d  te rm  d e scr ib es  
th e  tra n sfe r  fr o m  M K E  t o  R K E . T h e  th ird  te r m  is a  tra n sp o r t  te rm , a n d  th e  la st te rm  
rep resen ts  th e  e ffe cts  o f  th e  su b g r id  stresses o n  th e  m e a n  fie ld s  ( i .e . d ire ct  tra n sfe r  fro m  
M K E  t o  S K E ).
T o  o b ta in  th e  R K E  b u d g e t , b o t h  sides o f  E q u a t io n  (2 .1 8 ) are  m u lt ip lie d  b y  u'it an d  
th e n  th e  m ea n  is ta k en  o f  th e  resu ltin g  e q u a tio n . T h is  g ives
(2.20)
S o m e  rea rra n g em en t, a n d  use o f  th e  c o n t in u ity  e q u a tio n  ( d u i/ d x i — d u 'J d x i  =  0 ) leads 
to
8 (u ??/ 2 ) 6 {u ? / 2 )  BUS,) d ( W p f / 2 )  d(u<iP' l P r) ( g \  M
(2.21)
T h is  lo o k s  v e ry  lik e  th e  tu rb u le n ce  k in e tic  e n e rg y  b u d g e t  o f  S tu ll (1 9 8 8 ) , a lth o u g h  th e  last 
te r m  in  th is  e q u a t io n  rep resen ts  th e  e ffe c t  o f  th e  su b g rid  m o d e l  o n  th e  re so lv e d  tu rb u le n ce , 
w h ilst th a t  o f  S tu ll rep resen ts  th e  m o le cu la r  d iss ip a tion  o f  tu rb u le n ce .
N o t in g  th e  con stra in ts  im p o s e d  b y  th e  h o r izo n ta l p e r io d ic ity  o f  th e  L E S , E q u a tio n  
( 2 .2 1 ) ca n  b e  s im p lified  to
= _ (^ } _ m i M + (?)  ^  _ (2-22)
a t  v ■ 3'  d x 3dx 3 d x 3 1 ' - d x /  K J
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T h e  first fo u r  term s on  th e  r igh t h a n d  side  o f  (2 .2 2 ) are  c o m m o n ly  k n ow n  as th e  shear 
p r o d u c t io n , tu rb u le n t tr a n s p o r t , p ressu re  tra n sp o r t  a n d  b u o y a n c y  p r o d u c t io n  te rm s . N o te  
th a t  th e  sh ear p r o d u c t io n  te r m  rep resen ts  th e  tra n sfer  o f  e n e rg y  fr o m  th e  m e a n  flo w  a n d  
so  is e q u a l an d  o p p o s ite  t o  th e  loss  te r m  in  th e  M K E  b u d g e t .
A ll  su b g r id  e ffe c ts  are c o n ta in e d  in  th e  last te rm . A n d r e n  e t  al. (1 9 9 4 ) u sed  th is 
‘ r e so lv e d  k in e t ic  e n e rg y  b u d g e t ’ a n d  re fe rre d  t o  th e  last te rm  as th e  ‘ d is s ip a t io n ’ . H ow ev er , 
th e re  are o th e r  w ays o f  p resen tin g  th e  b u d g e t . T h e  last te r m  in  E q u a t io n  (2 .2 2 ) ca n  b e
e x p a n d e d  as fo llow s  ' f d / f  /.—  ^ r
- < W  -  -<“•— <£— > = -(’W  -  — +J w
i-t*? r.
diufais) ( . e2\ , (j \ d (ui)
dx:
T h e  first te rm  o n  th e  r igh t h a n d  side o f  (2 .2 3 )  in tegra tes  v e r t ica lly  t o  z e ro . It is a tra n sp b r f
te rm , rep resen tin g  th e  tra n sp o r t  o f  re so lv e d  k in e tic  e n e rg y  ( R K E )  b y  th e  su b g r id  m o d e l. 
T h e  te rm  in  b ra ck e ts  is a  d iss ip a tiv e  te rm , rep resen tin g  th e  tra n s fe r  o f  e n e rg y  fr o m  R K E  
t o  S K E .
A n  e s tim a te  o f  th e  tru e  m o le cu la r  d iss ip a tion  ra te , (e ) , ca n  b e  o b ta in e d  b y  assu m ing  
lo c a l  eq u ilib r iu m  in  th e  b u d g e t  o f  su b g r id -sca le  tu rb u len t k in e t ic  e n e rg y  (S K E ) . T h e n  th e  
su m  o f  th e  in p u ts  fr o m  M K E  a n d  R K E , p lu s  th a t  fr o m  su b g r id  b u o y a n c y  e ffe c ts , m ust 
e q u a l th e  d iss ip a tion . T h e re fo re
(A = (i^2) + + (f) (HA = (uS2) + (£) (2-24)
w h e re  H 3 =  —v^dO/dx^  is th e  su b g r id  h ea t flu x  (E q u a tio n s  (2.3) a n d  (2.7)).
A  su m m a ry  o f  th ese  e n e rg y  tra n sfers  ca n  b e  fo u n d  in  F ig u re  2 .1 . T r a n s  rep resen ts  all 
o f  th e  te rm s  d e scr ib in g  tra n sp o r t  o f  R K E  (g r o u p e d  to g e th e r  h ere  fo r  c la r ity ) . It  is eq u a l 
t o  th e  su m  o f  th e  tu rb u le n t an d  p ressu re  tra n sp o r t  term s (E q u a t io n  (2 .2 2 ) ) ,  a n d  th e  te rm  
d e scr ib in g  th e  tra n sp o r t  o f  R K E  b y  th e  su b g r id  v is co s ity  (E q u a t io n  (2 .2 3 ) ) .
S tu ll (1 9 8 8 ) d iscu sses h o w  th e  a c t io n  o f  m o le cu la r  v is c o s ity  o n  th e  m e a n  flow  is n e g ­
lig ib le  in  th e  a tm o sp h e re  (d u e  t o  th e  v e ry  la rge  R e y n o ld s  n u m b e r ). In  la r g e -e d d y  sim u-
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F ig u re  2 .1 : Schematic diagram o f energy transfers in LES between kinetic energy o f the mean flow 
(M KE), turbulent kinetic energy (RKE) and subgrid kinetic energy (SKE). (e) represents the molecular 
dissipation from the smallest scales.
la t io n s , th e  te rm s  in v o lv in g  d ire c t  tra n sfer  o f  en erg y  fr o m  th e  m e a n  flo w  t o  th e  su b g rid  
sca le  are o ft e n  n o n -n e g lig ib le , p a r t icu la r ly  c lo se  to  th e  su r fa ce , su g g estin g  th a t th e  e ffe c ­
t iv e  R e y n o ld s  n u m b e r  o f  th e  s im u la tion s  is o n ly  m o d e r a te ly  h ig h . M a s o n  (1 9 9 4 ) d iscu sses 
h o w  a la rg e -e d d y  s im u la tion  ca n  b e  v ie w e d  as a  m o d e ra te  R e y n o ld s  n u m b e r  d ire ct  s im u ­
la t io n  o f  th e  flow  in te r io r  p a tc h e d  w ith  a  h ig h  R e y n o ld s  n u m b e r  b o u n d a r y  c o n d it io n . I f  
c o m p u te r  resou rces  p e r m itte d  th e  filte r  sca le  to  b e  m a d e  p ro g re ss iv e ly  sm aller (in crea s in g  
e ffe c t iv e  R e y n o ld s  n u m b e r ) , th en  th e  tra n sfe r  o f  en erg y  d ir e c t ly  fr o m  M K E  t o  S K E  w ou ld  
b e  e x p e c te d  to  re d u ce  a n d  ev e n tu a lly  b e c o m e  n eg lig ib le , w h ilst th a t  fr o m  M K E  th ro u g h  
R K E  t o  S K E  w o u ld  in crea se . S im ilarly , th e  su b g rid  b u o y a n c y  f lu x  w o u ld  s tea d ily  d e ­
crea se  in  m a g n itu d e , w h ilst th e  re so lv e d  f lu x  in crea sed . H o w e v e r , i f  th e  m o d e l resu lts  d o  
co n v e rg e  su ccess fu lly  w ith  in crea s in g  re so lu tio n , th en  th e  t o ta l  p r o d u c t io n  o f  tu rb u len t 
k in e t ic  en e rg y  ( T K E  =  ( E ) =  R K E  - f  S K E ) sh ou ld  b e  in sen s it iv e  t o  re so lu tio n , as sh ou ld  
th e  d iss ip a tio n . H e n ce  it  w as d e c id e d  t o  a d o p t  th e  fo llo w in g  b u d g e t  e q u a tio n , o b ta in e d  
b y  d ia g n o s t ic  rea rra n g em en t o f  th e  te rm s  in  (2 .2 2 ) , u sin g  (2 .2 3 )  a n d  (2 .2 4 ) ,  a n d  n o tin g  
th a t  th e  ra te  o f  ch a n g e  o f  T K E  is eq u a l t o  th a t o f  R K E  as e q u ilib r iu m  is a ssu m ed  in  th e
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S K E  e q u a tio n
= -  ( ( * & ) + (r , »  { m + { I l 3 ) ) _ {e)
(2 .2 5 )
T h is  b u d g e t  e q u a tio n  w as a lso  u se d , w ith o u t b e in g  e x p lic it ly  p re se n te d , b y  M a so n  and  
T h o m s o n  (1 9 8 7 ) . T h e  fo u r  te rm s  o n  th e  r igh t h a n d  sid e  a re , r e s p e c t iv e ly , t o ta l  shear 
p r o d u c t io n , t o ta l  tra n s p o r t , t o t a l  b u o y a n c y  p r o d u c t io n  a n d  d iss ip a tio n . In  g en era l th e  
p r o d u c t io n  te rm s  w ill b e  re fe rred  t o  s im p ly  as shear a n d  b u o y a n c y  p r o d u c t io n , b u t  it 
sh o u ld  b e  b o r n e  in  m in d  th a t  th e  sn b g r id  co n tr ib u tio n s  are in c lu d e d  u nless e x p lic it ly  
s ta te d  o th e rw ise . T h e  d iss ip a tion  is still d ia g n osed  u sin g  (2 .2 4 ) .  It  is so m e tim e s  u se fu l 
t o  lo o k  at th e  th ree  co m p o n e n ts  o f  th e  tra n sp o r t  te rm  sep a ra te ly . N o te  h ow ev er  th a t th e  
d e fin it io n  o f  p ressu re  u sed  h ere  im p lic it ly  in c lu d es  tw o -th ird s  o f  th e  su b g r id  en erg y , an d  
a n y  a tte m p ts  t o  ca lcu la te  a ‘ t r u e ’ p ressu re  tra n sp o r t  te rm  w o u ld  req u ire  u se  o f  th e  p u re ly  
d ia g n o s t ic  e s t im a te  o f  sn b g r id  v a r ia n ce  a n d  are n o t  a d v ise d  (A n d r e n  et al , 19 9 4 ).
T h e  in tr o d u c t io n  o f  b a ck s ca tte r  (sh o w n  d a sh ed  in  F ig u re  2 .1 ) d o e s  n o t  h a v e  a  m a jo r  
c o m p lic a t in g  in flu e n ce , as th e  ra te  o f  b a ck s ca tte r  o f  e n e rg y  is r e la te d  t o  th e  v is co u s  dra in  
o f  en ergy . A  n et d iss ip a tio n  ca n  b e  d ia g n o se d  (v is co u s  dra in  m in u s b a c k s c a t te r ) , an d  th e  
b u d g e t  e q u a tio n  u sed  as b e fo re .
A t  th is p o in t  th e  ra th er  c u m b e rs o m e  o v e rb a r  n o ta t io n  w h ich  has b e e n  u sed  t o  in d ica te  
re so lv e d  q u a n titie s , is d r o p p e d . U n less o th erw ise  s ta te d  in  th e  t e x t ,  a ll tu rb u le n ce  sta tis ­
t ic s  p re se n te d  are t o ta l  q u a n tities  i.e . th e  su m  o f  th e  re so lv e d  a n d  su b g r id  co n tr ib u t io n s . 
F or e x a m p le , p ro files  o f  (u'w') sh ow  th e  su m  o f  th e  re so lv e d  p a r t , (u'w'), an d  th e  su b g rid  
p a r t , {£13). S im ilarly , (■w'6') is th e  su m  o f  (w'd') a n d  (H3), (w'w') is th e  su m  o f  (w'w') 
a n d  tw o -th ird s  o f  th e  e s t im a te  o f  su b g r id  en ergy , an d  so  on .
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2.3 S i m u l a t i o n s  p e r f o r m e d
A  la rg e  n u m b e r  o f  s im u la tion s  h a v e  b e e n  p e r fo r m e d  w ith  flow s d r iv e n  b y  im p o s e d  g e o s tro p h ic  
w in d  a n d  su rfa ce  b u o y a n c y  flu x . T h e s e  sim u la tion s  fa ll in to  th re e  m a in  ca te g o r ie s :
1. ‘Lid runs’ .
T h e s e  s im u la tion s  u sed  th e  s tress-free  r ig id  lids a t h e ig h t h =  1000 m  t o  fo r m  th e  
b o u n d a r y  la y er  to p s  (i .e . Z{ =  h ) .  T h e y  w ere  d es ig n ed  t o  s tu d y  th e  d ire ct  e ffe cts  o f  
th e  in te ra c t io n  o f  sh ear an d  b u o y a n c y  fo r c in g , w ith o u t  th e  c o m p lic a t in g  in flu en ce  
o f  e n tra in m en t o f  air fr o m  a b o v e  th e  b o u n d a r y  layer. T h e  a b se n ce  o f  in v ers ion  rise 
a lso  m ea n t th a t  th ese  s im u la tion s  co u ld  b e  ru n  fo r  a  lo n g  t im e , w h ich  is u se fu l in  
stu d ies  o f  th e  m e a n  fie lds  w h ich  o n ly  s low ly  a p p ro a ch  in e r tia l e q u ilib r iu m .
2. ‘Inversion runs’ .
T h e s e  s im u la tion s  w ere  set u p  w ith  c a p p in g  in vers ion s  in  th e  in itia l te m p e ra tu re  
p ro file s . T h e y  w ere  ru n  u n til th e  b o u n d a r y  layers  h a d  g ro w n  t o  d e p th s  o f  a rou n d  
1 0 0 0  m  a n d  are u sed  t o  s tu d y  th e  e ffe c ts  o n  th e  en tra in m e n t f lu x  o n  b o u n d a r y  
la y er  tu rb u le n ce , a n d  a lso  th e  fa c to rs  a ffe c tin g  th e  e n tra in m e n t flu x  itse lf. In  th ese  
s im u la tion s  th e  s tress-free  r ig id  lids w ere  p la ce d  w ell a b o v e  th e  in v ers ion  reg ion , 
w ith  d a m p in g  layers  t o  d iss ip a te  g ra v ity  w aves.
3 . ‘Baroclinic runs’ .
S im u la tion s  in  w h ich  th e  im p o s e d  g e o s tro p h ic  w in d  v a ried  w ith  h e ig h t. F or s im p lic ­
it y  th ese  a lso  u sed  th e  s tress-free  lids t o  fo r m  th e  b o u n d a r y  la y er  to p s .
T h e  b a r o c lin ic  runs are d iscu ssed  se p a ra te ly  in  C h a p te r  5. H o w e v e r , resu lts  fr o m  
th e  m a in  lid  a n d  in v ers ion  ru ns are  u sed  re p e a te d ly  th ro u g h o u t  th e  re m a in d e r  o f  th is 
th es is , a n d  so  m o re  d eta ils  o f  th ese  s im u la tion s  are g iv en  in  th is  ch a p te r  in  S e ctio n s  2 .3 .3  
an d  2 .3 .4 . F irst c o n s id e ra tio n  is g iv en  t o  so m e  issues w h ich  are o f  im p o r ta n c e  fo r  all 
s im u la tio n s , in c lu d in g  th e  ch o ice s  m a d e  fo r  th e  in itia l c o n d it io n s , th e  len g th s  o f  th e  ru n s, 
a n d  th e  d o m a in  sizes u sed .
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2.3.1 Initial conditions and the inertial oscillation
Id ea lly , a ll o f  th e  m o d e l  s im u la tion s  w o u ld  b e  ru n  t o  lo n g  e n o u g h  t im e  th a t  th e  resu lts  w ere  
in d e p e n d e n t  o f  th e  in itia l co n d it io n s  ch osen . U n fo rtu n a te ly , th e  m e a n  flo w  o n ly  a d ju sts
O
v e ry  s low ly  o n  th e  C orio lis  t im e  sca le  (27r / f  cy 63000 s at 45 N ) ,  a n d  it  is im p ra c t ica l to  
ru n  h ig h  re so lu tio n  s im u la tion s  t o  in ertia l eq u ilib r iu m . T h e  p o s s ib le  a p p ro a ch e s  are to  
ru n  at re la t iv e ly  lo w  re so lu tio n  fo r  lo n g  t im e , o r  t o  use h ig h  re so lu tio n  a n d  a c c e p t  th a t 
th e  flow s w ill n o t  b e  in  g e o s tr o p h ic  b a la n ce . T h e  fo rm e r  a p p ro a ch  is u se fu l fo r  qu an tities  
w h ich  d e p e n d  sen s it iv e ly  o n  th e  m e a n  fie lds  (e .g . g e o s tro p h ic  d ra g  c o e ff ic ie n ts ) . T h e  la tte r  
a p p ro a ch  is su ita b le  fo r  stu d ies  o f  sca led  tu rb u le n ce  sta tis tics  as th e  tu rb u le n ce  t im e  sca le , 
£* =  Zi/max{u*,w*) (w h e re  w * is th e  c o n v e c t iv e  v e lo c ity  sca le  d e fin e d  in  (3 .1 ) ) ,  is ty p ica lly  
o f  o rd e r  1000 s i.e . t * <C 27r / f .  T h is  m ea n s  th a t  th e  tu rb u le n ce  ca n  b e  a p p ro x im a te ly  in  
e q u ilib r iu m  w ith  th e  m e a n  flo w  e v e n  w h en  th e  m ea n  flo w  is n o t  in  e q u ilib r iu m  w ith  th e  
g e o s tr o p h ic  fo rc in g .
B o th  a p p ro a ch e s  are u sed  in  th e  p resen t s tu d y . In  g en era l w h e n  s tu d y in g  sca led  tu r b u ­
le n ce  s ta tis tics  th is  s tu d y  w ill c o n c e n tr a te  o n  resu lts  fr o m  h igh  re so lu tio n  ru ns (ty p ic a lly  
80 X 80 x  64  m esh  p o in ts )  as th ese  s im u la tion s  reso lv e  as la rg e  a  ra n g e  o f  sca les as p o ss ib le . 
H o w e v e r  lo w  re so lu tio n  ru ns are a lso  u se fu l fo r  sen s it iv ity  s tu d ie s , ch o o s in g  th e  b e s t  cases 
t o  ru n  at h ig h  re so lu tio n  a n d , in  c o n ju n c t io n  w ith  h igh  re so lu tio n  s im u la tion s , assessing 
th e  re so lu tio n  d e p e n d e n ce  o f  th e  resu lts .
A lth o u g h  u se fu l tu rb u le n ce  s ta tis tics  ca n  b e  o b ta in e d  fr o m  s im u la tion s  w h ich  are n o t 
in  g e o s tr o p h ic  b a la n ce , it  is o b v io u s ly  d es ira b le  t o  b e  as c lo se  t o  b a la n ce  as p o ss ib le . F or 
th is  re a so n , in  m o s t  cases in itia l m e a n  v e lo c i ty  a n d  te m p e ra tu re  fie ld s  w ere  o b ta in e d  using 
a o n e -d im e n s io n a l b o u n d a r y  la y er  m o d e l . T h e  la rg e -e d d y  s im u la tion s  w ere  th e n  in it ia lize d  
u sin g  th ese  fie lds  a n d  a r a n d o m  p e r tu r b a t io n . C o m p a r iso n  o f  resu lts  fr o m  a  ru n  s ta rted  
in  th is  w ay , a n d  fr o m  o n e  s ta rte d  fr o m  m o re  a rb itra ry  in itia l c o n d it io n s , sh ow ed  a  sm aller 
a c ce le ra t io n  te rm  in  th e  m o m e n tu m  b u d g e t  o f  th e  fo rm e r , as e x p e c te d .
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2 .3 .2  C hoice o f  dom ain
W it h  cu rren t c o m p u t in g  resou rces  it  is n o t  p o s s ib le  to  reso lv e  m u ch  m o re  th a n  tw o  d eca d es  
o f  sca les  (8 0  x  80 X 80 p o in ts  g ives  o n ly  1 .6  d e ca d e s ) . F or a g iv en  n u m b e r  o f  m e sh  p o in ts , 
a ‘ sm a ll ’ d o m a in  ru n  w ill h a v e  ‘ h ig h ’ re so lu tio n  so sh ou ld  re so lv e  sm a ll sca le  fea tu res  
re la t iv e ly  w e ll, b u t  m u st m iss th e  c o n tr ib u t io n  fr o m  th e  la rg est e d d ie s . C o n v e rse ly  a  run  
w ith  a  ‘ la rg e ’ d o m a in  w ill ca p tu re  th ese  ed d ies  h u t m u st g iv e  a  p o o r e r  re p re se n ta tio n  o f  
th e  sm a ll-sca le  m o t io n s  d u e  t o  an  in crea se  in  filte r -sca le .
O n e  a p p ro a ch  t o  th e  p r o b le m , u sed  b y  M a so n  a n d  T h o m s o n  (1 9 8 7 ) , is t o  p e r fo rm  
sev era l s im u la tion s  o f  th e  sa m e flo w , ea ch  u sin g  a  d ifferen t d o m a in . N o  o n e  s im u la tion  
ca p tu re s  a ll th e  re levan t sca les , b u t  lo o k in g  at all to g e th e r  g ives  so m e  id e a  o f  th e  re la tive  
im p o r ta n c e  o f  th e  d ifferen t sca les o f  m o t io n  a n d  m a y  h e lp  w ith  th e  ch o ice  o f  th e  b e s t  
‘ c o m p r o m is e ’ d o m a in . In  th e  p resen t s tu d y  th e  ch o ices  w ere  b a se d  o n  p a st w o rk  and  
o n  s o m e  lo w  re so lu tio n  te st ru n s , w ith  e x tr a  s im u la tion s  p e r fo r m e d  to  te s t  se n s it iv ity  to  
d o m a in  size (a n d  o r ie n ta t io n ) w h e re  th o u g h t a p p lica b le .
In  n e u tra l c o n d it io n s , M a so n  a n d  T h o m s o n  u sed  d om a in s  w ith  h o r iz o n ta l e x te n ts  o f  
24  k m  X 12 k m , 6  k m  X 3 k m  a n d  3 k m  X 1.5 k m . T h e  la rg est o f  th ese  w as d es ig n ed  
t o  e n co m p a ss  la rg e -sca le  ro ll v o r t ice s  as fo u n d  in  a tw o -d im e n s io n a l s tu d y  b y  M a so n  an d  
S yk es (1 9 8 0 ) . H o w e v e r , n o  e v id e n ce  fo r  su ch  m o t io n s  w as fo u n d , a lth o u g h  th e  ed d ies  w ere  
fo u n d  to  b e  e lo n g a te d  in  th e  s trea m w ise  d ire c t io n . T h is  is co n s is te n t  w ith  o th e r  e v id e n ce  
w h ich  su ggests  th a t  th e  fo r m a t io n  o f  co h e re n t v o r t ice s  in  th e  a tm o s p h e re  requ ires  a  m ix e d  
sh e a r -b u o y a n cy  reg im e  (se e  ch a p te r  1 ). T h e re fo re  a d o m a in  w as ch osen  fo r  th e  n eu tra l 
s im u la tion s  w h ich  it  is r e c o g n iz e d  is t o o  sm a ll t o  e n co m p a ss  th ese  ro lls , b u t  w h ich , at 3 k m  
X 2 k m , is n ev erth e le ss  s ligh tly  la rg er  re la tiv e  t o  th e  b o u n d a r y  la y e r  d e p th  ( Zi =  1000 m ) 
th a n  d o m a in  B  ( 6  k m  X 3 k m ) o f  M a so n  a n d  T h o m s o n .
M a so n  (1 9 8 9 ) e x a m in e d  th e  sen s it iv ity  o f  la rg e -e d d y  s im u la tion s  o f  th e  co n v e c t iv e  
b o u n d a r y  la y er  t o  d o m a in  size a n d  re so lu tio n . S im u la tion s  F L 6 .4  a n d  M  h a d  th e  sam e 
m e sh  sp a c in g , b u t  squ are  d om a in s  o f  sides 6.4;zt- an d  3 .2 2 , re sp e c tiv e ly . T h e  s ta tistics
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J
/o b t a i n e d  (e .g . fo r  th e  v e lo c ity  va ria n ces  {u 'u ')  a n d  {w 'w ') )  w ere  s im ilar in  th e  tw o  cases. 
T h is  le d  M a so n  t o  th e  co n c lu s io n  th a t  th e  d o m a in  o f  s ide 3 .2 Zi w as a d e q u a te , w h ile  a 
sim ilar te st su g g ested  th a t  a d o m a in  o f  s id e  1.6^,- w as t o o  sm all. S yk es a n d  H en n  (1 9 8 9 ) 
m o d e lle d  c o n v e c t io n  b e tw e e n  m o v in g  fla t p la tes  a n d  u se d  d o m a in s  o f  s ide 4  a n d  8  tim es 
th e  p la te  se p a ra tion . T h e y  fo u n d  sim ilar resu lts  u sin g  th ese  tw o  d o m a in s , a n d  th e re fo re  
a d v o c a te d  th e  u se  o f  th e  sm aller  d o m a in  as it  en a b les  h ig h er  re so lu tio n  t o  b e  u sed . In  
th e  lig h t o f  th ese  fin d in g s  a  sq u a re  d o m a in  o f  s ide  4 z ,  w as ch o se n  fo r  th e  co n v e c t iv e  
s im u la tion s . T h e  slight in crea se  in  d o m a in  size fr o m  th a t a d v o c a te d  b y  M a so n  is m a d e  
w ith o u t  co m p ro m is in g  h is re so lu tio n  as th e  p resen t s tu d y  uses an  in cre a se d  n u m b e r  o f  
m e sh  p o in ts .
In  th e  in te rm e d ia te  cases (i .e . m ix e d  sh ear an d  b u o y a n c y  r e g im e ) it w as d e c id e d  to
u se  th e  d om a in s  d e s c r ib e d  fo r  u se  in  th e  n eu tra l an d  free  c o n v e c t iv e  s im u la tion s . T h e s e
ca n n o t  a c cu ra te ly  rep resen t la rg e  ro ll v o r t ic e s , w ith  a sp e c t  ra tio s  o f  2  — 3 ,^-, d n e  t o  th e
p e r io d ic  b o u n d a r y  co n d it io n s . H o w e v e r , th e re  is e v id e n ce  (see  C h a p te r  1 ) th a t  th ese  rolls
are s im p ly  an  o rg a n iz e d  fo rm  o f  c o n v e c t io n  a n d  th a t th e  e x is te n ce  o r  o th e rw ise  o f  th ese
la rg e  sca le  fea tu res  d o e s  n o t  h a v e  a  m a jo r  e ffe c t  on  tu rb u le n ce  s ta t is t ics . N o te  th a t ev en
th e  d o m a in  o f  M o e n g  an d  Su llivan  (1 9 9 4 ) , a  squ are  o f  s id e  a p p ro x im a te ly  6  t im es  th e
b o u n d a r y  la y er  d e p th , sev ere ly  re str icts  th e  p o ss ib le  n u m b e rs  a n d  o r ien ta t ion s  o f  rolls .
F or  th is  rea son  th e  u se o f  sm a ller  d o m a in s  fo r  g o o d  re so lu tio n  o f  th e  sm a ller -sca le  fea tu res
is p re fe rre d . In  o rd e r  to  r e d u ce  th e  in flu e n ce  o f  th e  p e r io d ic  b o u n d a r y  co n d it io n s , in  m a n y
0
o f  th e  s im u la tion s  th e  g e o s tro p h ic  w in d  w as im p o s e d  13 to  th e  r igh t o f  th e  a;-axis (ra th er  
th a n  p a ra lle l t o  i t )  in  o rd e r  t o  m a k e  th e  average  b o u n d a r y  la y er  flo w  m o re  c lo se ly  pa ra lle l 
t o  th e  m o d e l a x is . S o m e  sen s it iv ity  tests  w h ich  u sed  m u ch  la rg er  d om a in s  a n d  d ifferen t 
an gles  o f  g e o s tro p h ic  w in d  re la tiv e  to  th e  m o d e l axes a re  d e s c r ib e d  in  C h a p te r  3.
2 .3 .3  Lid runs
T h e  h ig h  re so lu tio n  s im u la tion s  u sed  80 X  80 X  64 g r id  p o in ts . T h e  m e sh  w as n o n -n n ifo rm  
in  th e  v e r t ica l, w ith  sm aller  g r id  in terva ls  c lo se  t o  th e  su rfa ce  a n d  t o  th e  u p p e r  b o u n d a ry .
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T h e  low est p o in ts  w ere  at 1 .8  m  fr o m  th e  su r fa ce , a n d  th e  sp a c in g  g ra d u a lly  in crea sed  
fr o m  3 .6  m  at th is  h e ig h t t o  cx 20 m  at 200 m . T h e  se p a ra tio n  w as th e n  co n s ta n t at th is 
va lu e  u n til a b o u t  800 m , a b o v e  w h ich  th e re  w as a g ra d u a l d e cre a se  t o  4  m  at th e  to p  
o f  th e  d o m a in . T h e  h o r iz o n ta l m esh  sp a cin gs  resu lted  fr o m  sp rea d in g  th e  p o in ts  ev e n ly  
th ro u g h o u t  th e  ch osen  d o m a in . In it ia l m e a n  fie ld s  w ere  o b ta in e d  u sin g  a  o n e -d im e n s io n a l 
b o u n d a r y  la y er  m o d e l , a n d  th e  s im u la tion s  w ere  ru n  fo r  lo n g  e n o u g h  fo r  th e  tu rb u le n ce  to  
b e c o m e  a p p ro x im a te ly  in  e q u ilib r iu m  w ith  th e  m ea n  fie lds (t y p ic a lly  fo r  a ro u n d  2 0 0 0 0  s, 
o r  15-20  e d d y  tu rn o v e r  t im e s ). T h e  lo w  reso lu tio n  s im u la tion s  u sed  o n ly  40 X  40 X  32 
p o in ts , so  th a t  th e  sp a c in g  w as a p p ro x im a te ly  d o u b le d  in  all d ire c t io n s . T h e s e  s im u la tion s  
w ere  ru n  fo r  1 0 0 0 0 0  s.
A  su m m a ry  o f  th e  m a in  lid  ru ns ca n  b e  fo u n d  in  T a b le  2 .1 . V a riou s  a d d it io n a l sensi­
t iv ity  tests  are d e s c r ib e d  at th e  re levan t p o in ts  in  th e  te x t .
2 .3 .4  Inversion  runs
T h e  in it ia l s ta te  fo r  th e  in v ers ion  ru ns w as a u n ifo rm  p o te n t ia l te m p e ra tu re  g ra d ien t o f
0 .003  K m " 1  ( N 2 =  (g / 9 r ) d ( 9 ) /d z  ex 0 .01  s - 2 ) fr o m  th e  su r fa ce  t o  th e  t o p  o f  th e  d o m a in , 
w ith  th e  w in d  c o m p o n e n ts  set e q u a l t o  th e ir  g e o s tro p h ic  va lu es at all h e ig h ts . In  m ost 
cases a  o n e -d im e n s io n a l m o d e l w as u sed  t o  g ro w  th e  b o u n d a r y  la te r  fr o m  th is  in itia l s ta te  
t o  a d e p th  o f  b e tw e e n  600 a n d  900 m , a n d  th e  resu ltin g  m e a n  fie ld s  w ere  u sed  t o  in itia lize  
th e  la r g e -e d d y  m o d e l. H o w e v e r , in  so m e  o f  th e  m o s t  c o n v e c t iv e  cases (in  w h ich  in vers ion  
rise w as ra p id )  th e  la r g e -e d d y  m o d e l w as u se d  t o  g row  th e  b o u n d a r y  la y er  fr o m  th e  su rfa ce  
w ith o u t  u sin g  th e  o n e -d im e n s io n a l m o d e l . B o u n d a r y  la y er  d e p th s  w ere  d ia g n o se d  b y  using 
a p a r a b o lic  fit t o  e s t im a te  th e  h e igh t at w h ich  th e  m a x im u m  d o w n w a rd  f lu x  o c c u r e d .
T a b le  2 .2  g ives a  s u m m a ry  o f  th e  m a in  in v ers ion  ru n s . T h e  h o r iz o n ta l re so lu tion  
w as ch o se n  t o  b e  th e  sa m e  as in  th e  lid  ru n s . T h e  v e r t ica l sp a c in g  w as n o n -u n ifo rm , 
w ith  e n h a n ce d  re so lu tio n  c lo se  t o  th e  su rfa ce  an d  in  th e  ta rg e t  re g io n  fo r  th e  in v ers ion  
(b e tw e e n  a ro u n d  800 m  a n d  1300 m ) .  T h e  lo w  re so lu tio n  s im u la tion s  u sed  a sp a c in g  o f
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Q
h igh  re so lu tio n  (8 0  x  80 x  64  p o in ts )
ru n L x /k m L y / k m A o / m N e w  d iffu sion |G |/m s 1 (w 'b '} 0/m 2s 3
B N H R 3 2 5.0 N o 1 0 0
M 0 4 H R 3 2 5 .0 N o 1 0 1 0 " 4
M 0 9 H R 4 4 11.5 Y es 1 0 * 3 x  10 “ 4
M 2 3 H R 4 4 11.5 Y es 1 0 * 1 0 ~ 3
M 4 0 H R 4 4 11.5 Y es 1 0 * 2  x  1 0 “ 3
M 6 8 H R 4 4 11.5 Y es 1 0 * 4  x  10 - 3
M 1 4 7 H R 4 4 11.5 Y es 1 0 1 0 " 2
B C H R 4 4 11.5 Y es 0 h-*
-
o
i to
lo w  re so lu tio n  (4 0  x  40 x  32 p o in ts )
B N L R 3 2 1 0 . 0 N o 1 0 0
M 0 3 3 2 1 0 . 0 Y es 1 0
*3*1oT—H
M 0 9 4 4 23 .0 Y es 1 0 * 3 x  10 " 4
M 2 1 4 4 23.0 Y es 1 0 * 1 0 “ 3
M 3 5 4 4 23.0 Y es 1 0 * 2  x  1 0 - 3
M 6 4 4 4 23.0 Y es 1 0 * 4 x  10 - 3
M 1 3 4 4 4 23 .0 Y es 1 0 1 0 “ 2
B C L R 4 4 23 .0 N o 0 1 0 ~ 2
de 2 .1 : Summary o f  lid runs. Lx (L y) is the size o f  domain in the x- (y-) direction. Aq is the t
mixing length. Runs which used the new diffusion scheme o f Hobson et al. (1995) are indicated. The
. 1 . , . 0geostrophic wind, G , was imposed in the a-direction except in those runs marked ' in which it was 13 
to the right o f  the cc-axis. (w'b')0 is the surface buoyancy flux which was imposed.
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h i g h  r e s o l u t i o n  (8 0  X  80 X  100 p o i n t s )
ru n L x j  k m L y/k m A0/ m |G |/m s - 1 ( u / 6 ' ) o / m 2 s~ 3
IN H R 3 2 5.0 1 0 0
I 1 0 H R 4 4 11.5 1 0 * 3 x  10 ~ 4
I C H R 4 4 11.5 0 2  x  1 0 " 3
lo w  re so lu tio n  (4 0  X  40 x  (6 4  — 72) p o in ts )
IN 3 2 1 0 . 0 1 0 0
103 3 2 1 0 . 0 1 0 * O
1
1 1 0 4 4 23.0 1 0 * 3 x  10 ~ 4
127 4 4 23.0 1 0 * 1 0 ~ 3
177 4 4 23.0 6 * 1 0 ~ 3
IC 4 4 23.0 0 2  x  1 0 “ 2
iho.
T a b le  2 .2 : Summary o f  inversion runs. All used^standard diffusion scheme, but advection o f  6 was per­
formed using the T V D  scheme o f  Leonard (1991). As before, the 1 symbol indicates that the geostrophic
0
wind was rotated 13 to the right o f  the aj-axis.
/ ^ Y
12 m  c lose  t o  th e  su r fa ce , in crea s in g  t o  38 m ; in  m id  b o u n d a r y  la y er  a n d  th e n  d ecrea s in g
aga in  t o  a ro u n d  27 m  in  th e  in v ers ion  re g io n . H igh er u p  th e  sp a c in g  in cre a se d  t o  as m u ch  
as 230 m  tow a rd s  th e  d o m a in  to p  w h ich  w as at 5000 m  in  m o s t  cases . T h e  e x tr a  levels  in  
th e  h ig h  re so lu tio n  sim u la tion s  w ere  p la ce d  la rg e ly  in  th e  in v e rs io n  re g io n , r e d u c in g  th e  
sp a c in g  th e re  t o  around '"18^m .
A s  m e n tio n e d  earlier , th e  in v ers ion  runs u sed  a d a m p in g  la y e r  t o  d iss ip a te  g ra v ity
w aves b e fo r e  th e y  co u ld  re fle ct  b a ck  o f f  th e  d o m a in  t o p . T h e  la y er  t o o k  th e  fo r m  o f  a
N e w to n ia n  re la x a t io n  te rm  o n  all p r o g n o s t ic  va ria b les , d a m p in g  th e m  b a c k  tow a rd s  th e ir  
m e a n  values w ith  t im e sca le  7 #  g iv e n  b y
7b W  = { ™  ^  ^  ^  f°r 2 > (2-26)
I 0  fo r  z  <  z d
S o m e  e x p e r im e n ta t io n  w as re q u ire d  in  fin d in g  su ita b le  va lu es o f  7 ^ 0 , zp a n d  IIjj -  t o o
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w ea k  a  d a m p in g  la y er  d oes  n o t  serve  its  p u r p o s e , w h ile  t o o  r a p id  an  in crea se  in  7 #  w ith  
h e ig h t ca n  le a d  t o  u n w a n ted  re fle c t io n s . A ls o  z d  m u st b e  sa fe ly  a b o v e  th e  in v ers ion  layer 
a t a ll t im e s . S a t is fa c to ry  resu lts  w ere  o b ta in e d  in  th e  h ig h  re so lu tio n  s im u la tion s  u sin g  
7 p 0 =  0 .005  s ” 1, z d  =  2000  m  an d  H d  =  1500 m , a n d  sim ilar  va lu es w ere  u sed  in  th e  lo w  
re so lu tio n  runs.
2.A  A p p e n d i c e s  t o  C h a p t e r  2 
2 .A .1  N ew diffusion schem e
H ere  a b r ie f  d e s c r ip t io n  is g iv en  o f  th e  d iffu s ion  sch em e  o f  H o b s o n  e t  a l  (1 9 9 5 ) w h ich  
w as u sed  in  a fe w  o f  th e  la r g e -e d d y  m o d e l s im u la tion s . In  an  e x p lic it  d iffu s ion  sch em e  
a n y  p o in t  is o n ly  in flu e n ce d  in  a n y  o n e  t im e s te p  b y  th e  im m e d ia te ly  n e ig h b o u r in g  p o in ts . 
A  lin ea r  s ta b ility  an a lysis  sh ow s th a t th is  im p o se s  a lim ita t io n  o n  th e  t im e s te p , A t
C  =  - t > 7 -a- 7 - . - 7  <  1 (2 .2 7 )
m m  (Ae2, A y 2, Az2)
C  is a v is co u s  C o u ra n t n u m b e r  w h ich  w o u ld  ty p ica lly  b e  m a in ta in e d  at a  va lu e  o f  0.3  
o r  less . T h is  re la t iv e ly  str in gen t cr ite r io n  ensures th a t th e  s im u la tion s  d o  n o t  su ffer 
in s ta b ilit ie s  d u e  to  n o n -lin e a r  e ffe c ts , a n d  a lso  leads t o  s o m e  in cre a se  in  a ccu ra cy . In  
p r a c t ic e  it  is v e r t ica l d iffu s ion  w h ich  res tr ic ts  th e  t im e s te p  (as  th e  m e sh -sp a c in g  is sm allest 
in  th e  v e r tica l d ir e c t io n , e sp e c ia lly  c lo se  t o  th e  su r fa ce ). T h e  s ch e m e  o f  H o b s o n  e t  a l  
(1 9 9 5 ) rep la ces  th e  s ta n d a rd  fo rm u la t io n  fo r  th e  d o u b le  v e r t ica l d e r iv a tiv e  at le v e l k , w ith  
a fo r m  th a t uses im p lic it  va lu es fo r  te rm s  at th e  k  +  1  a n d  k  — 1  leve ls  an d  e x p lic it  values 
fo r  te rm s  at th e  k  +  2  a n d  k — 2  lev e ls .
F or e v e ry  le v e l (e .g . th e  k th) th e  fo l lo w in g  th re e  e q u a tio n s  ca n  b e  w r itte n . N o te  th a t 
th e  n o ta t io n  has b e e n  s im p lified  b y  a ssu m in g  co n sta n t m e sh  sp a c in g  a n d  v isco s ity . A s 
d e s c r ib e d  a b o v e , th e  te rm s at k  -j- 2  a n d  k — 2  (la b e lle d  (®4.) a n d  (H ) b e lo w ) are ev a lu a ted
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e x p lic it ly  a t t im e  t  — 1. A ll  o th e r  te rm s  are  at t im e  t  - f  1 .
(2.28)
(2 .2 9 )
(2 .3 0 )
A  3x3  m a tr ix  ca n  th e n  b e  w r itte n  fo r  e v e ry  k  lev e l a n d  s o lv e d  fo r  ir [  . I t  is a  litt le  
h>K r '  m o r e  c o m p u ta t io n a lly  e x p e n s iv e  th a n  e x p lic it  m e th o d s , b u t  is v e r y  m u ch  ch e a p e r  th a n  a
j P  fu lly  im p lic it  s ch e m e . A  lin ea r s ta b ility  an a lysis sh ow s th a t  th is  s ch em e  is u n co n d it io n a lly
s ta b le . H ow ev er  it  is w ise  t o  c o n t in u e  t o  p la ce  so m e  lim it o n  th e  t im e s te p  as th e  sch em e 
d o e s  sh ow  so m e  t im e  la g  w h en  c o m p a r e d  w ith  an  a n a ly tica l s o lu t io n  fo r  a s im p le  p ro b le m . 
T h is  la g  in crea ses  w ith  in crea s in g  C o u ra n t n u m b e r  so it is in s is te d  th a t  C  <  1  o n  a ll p o in ts .
T h e  o th e r  v is co u s  term s are still ca lcu la te d  u sin g  th e  s ta n d a rd  e x p lic it  s ch em e . T h e  
s ta b ility  cr ite r ia  o n  th ese  w ill g en era lly  n o t  b e  re s tr ic t iv e  as th e  g r id  sp a cin gs  are larger 
in  th e  h o r iz o n ta l d ire c t io n s . H o w e v e r , in  ru ns w h ere  th e  h o r iz o n ta l m esh  sp a c in g  is c o m ­
p a ra b le  t o  th a t  in  th e  v e r t ica l, it  w o u ld  p r o b a b ly  b e  w ise  t o  d e fin e  a  sep a ra te  ‘ h o r izo n ta l 
C o u ra n t n u m b e r ’ b a se d  o n  th e  h o r iz o n ta l g r id  sp a c in g  an d  t o  in sist th a t  th is  rem a in  b e lo w  
so m e  th re sh o ld  va lu e  (e .g . 0 .3 ) t o  en su re  th a t  n o  in sta b ilit ie s  resu lt fr o m  th ese  te rm s.
T h is  sch e m e  w as c o d e d  in to  th e  la r g e -e d d y  m o d e l a n d  w as u se d  fo r  s o m e  o f  th e  lid  runs 
(s e e  T a b le  2 . 1 ) .  T h e  in crea se  in  c o m p u ta t io n  t im e  p e r  s tep  w as m o r e  th a n  o ffse t b y  th e  
in cre a se  in  t im e s te p  in  all ca ses . H o w e v e r  it  w as rea lized  th a t  th e  d ia g n o se d  d iss ip a tion  
w as n o  longer^ con s is ten t w ith  th e  m o d e l  fo r m u la tion . E stim a te s  o f  th e  tru e  d iss ip a tion  
fo r  th ese  ru ns w ere  m a d e  b y  assu m in g  s ta t io n a r ity  in  th e  e n e rg y  b u d g e t , (2 .2 5 ) ,  a n d  w ere  
ty p ic a lly  sm a ller  b y  a ro u n d  2 5 % . T h is  m ea n s th a t  th ese  ru ns w ill ty p ic a lly  h a v e  h a d  a
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b a c k s c a tte r  ra te  a ro u n d  2 5 %  g rea ter  th a n  or ig in a lly  in te n d e d . T h is  is n o t  th o u g h t  t o  b e  
a  p a r ticu la r ly  seriou s p r o b le m  as th e  m o s t  a p p ro p r ia te  b a ck s c a tte r  ra te  is n o t  w e ll k n ow n  
in  a n y  e v en t (M a s o n  a n d  B ro w n , 1 9 9 4 ). F u rth e rm o re , b a c k s c a tte r  is n o t  fo u n d  t o  h ave  
a m a jo r  im p a c t  in  c o n v e c t iv e  co n d it io n s  (see  C h a p te r  3 ) ,  so  th e  resu lts  o f  th e  ru ns seem  
u n lik e ly  t o  h e  sen sitive  t o  sm a ll ch a n g es  in  th e  b a ck s ca tte r  ra te . N e v e rth e le ss , in  v ie w  o f  
th e se  u n cer ta in tie s  it  w as d e c id e d  n o t  t o  co n tin u e  w ith  th is  s ch e m e  in  th e  p resen t stu d y , 
a lth o u g h  it  is p la n n e d  t o  re tu rn  t o  it  in  th e  fu tu re  w h en  a  co n s is te n t  m e t h o d  o f  d ia g n os in g  
d is s ip a tio n  has b e e n  d e v e lo p e d .
2 .A .2 T V D  ad vection  schem e
F or th e  s im u la tion s  in v o lv in g  ca p p in g  te m p e ra tu re  in vers ion s  it  w as d e c id e d  t o  u se  th e  
T V D  sch e m e  o f  L e o n a rd  (1 9 9 1 ) fo r  a d v e c t io n  o f  0. T h is  w as d o n e  b e ca u s e  th e  b a s ic  
P ia cs e k -W illia m s  (1 9 7 0 ) sch e m e  is lin e a r ly  a n d  q u a d ra tica lly  co n se rv in g  b u t  n o t  p o s it iv e  
d e fin ite  a n d  ca n  p e r fo rm  p o o r ly  in  reg ion s  w ith  sh arp  sca lar  g ra d ien ts . T h e  L eon a rd  
s ch e m e  is lin ea r ly  co n se rv in g  a n d  p o s it iv e  d e fin ite , an d  a lth o u g h  it  is n o t  q u a d ra tica lly  
c o n se rv in g , it is less d iffu s ive  th a n  th e  T V D  sch em e  o f  van  L eer  (1 9 7 4 ) . S tr ic t ly  sp ea k in g  
th e  u se  o f  a  d iffu s ive  sch e m e  m ea n s  th a t  th e  d iagn osis  o f  d is s ip a tio n  o f  sca lar  v a ria n ce  is in  
e rro r , a n d  th is  a ffects  th e  sca lar  b a c k s c a tte r  ra tes . In  p r a c t ic e  th e  errors  a re  fo u n d  t o  b e  
sm all, an d  th e  e ffects  o n  th e  b a ck s ca tte r  are in s ign ifica n t c o m p a r e d  w ith  th e  u n certa in tie s  
in  th e  tu n in g  o f  th e  sca la r  b a ck s ca tte r  p a ra m e tr iz a tio n .
R e c e n t ly  it  has b e e n  p o in te d  ou t (M .K . M a cV e a n , p r iv a te  c o m m u n ic a t io n )  th a t  th ere  
is an  in co n s is te n cy  in  u sin g  T V D  fo r  a d v e c t io n  o f  9 , w h ile  still u s in g  a ce n tre d  fo r m  in  
th e  b u o y a n c y  te r m  o f  th e  w -e q u a t io n . T h is  m ean s th a t  th e  loss  (g a in ) o f  k in e tic  en erg y  
d u e  t o  b u o y a n c y  e ffe cts  is n o t  e x a c t ly  e q u a l t o  th e  ga in  (lo s s ) o f  p o te n t ia l en ergy . T h is  
e rro r  a p p ea rs  t o  b e  c o m m o n  to  a n u m b e r  o f  la rg e -e d d y  m o d e ls  a n d  m a y  b e  s ign ifican t in  
stu d ies  o f  c lo u d y  b o u n d a r y  layers  w h ich  ca n  b e  to p p e d  b y  v e ry  sh arp  in v ers ion s  w h ere  th e  
T V D  a n d  ce n tre d  sch em es o p e ra te  q u ite  d ifferen tly . T o  assess w h e th e r  th is  in co n s is te n cy  
is s ign ifica n t in  th e  p resen t s im u la tio n s , p ro files  o f  iw '9 ')  w ere  d ia g n o se d  con s is ten t w ith
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b o t h  th e  T V D  a n d  ce n tre d  fo rm u la tio n s  fo r  s im u la tion s  IC  a n d  IN . T h e  p ro files  fr o m  IC  
w ere  in d is t in g u ish a b le  fr o m  o n e  a n o th e r , sh ow in g  th a t th e  tw o  sch em es  b e h a v e  a lm ost 
id e n tica lly  in  th is  ca se  a n d  th a t  a n y  in c o n s is te n c y  is in s ig n ifica n t. S im u la tion  IN  m igh t 
b e  e x p e c te d  t o  b e  a  ‘w ors t ca s e ’ as it  is a lo w  re so lu tio n  ru n  w ith  a  re la t iv e ly  sharp  
in v ers ion , b u t  ev en  h ere  th e  tw o  p ro files  w ere  v e ry  s im ilar u p  t o  a ro u n d  z,-, w ith  m a x im u m  
d iscre p a n c ie s  o f  a ro u n d  2 0 %  at z /z ,- — 1 .1 . T h e  co n c lu s io n  is th a t  th e  in v ers ion s  in  th e  
p resen t s tu d y  are in su ffic ien tly  sh arp  fo r  th is p r o b le m  t o  b e  s ig n ifica n t.
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Turbulent structure of the CBL
In  th is  ch a p te r  th e  v a r ia t io n  o f  b o u n d a r y  la y er  flow  fie ld s  a n d  s ca le d  tu rb u le n ce  s ta tis ­
t ic s  w ith  s ta b ility  is e x a m in e d . T h e  la r g e -e d d y  m o d e l resu lts  are  p re se n te d , a n d , w h ere  
p o s s ib le , are c o m p a r e d  w ith  a tm o s p h e r ic  an d  la b o r a to r y  o b se rv a tio n s  (a n d  o th e r  p u b ­
lish ed  L E S  re su lts ). C o m p a r is o n  o f  resu lts  fr o m  th e  L E S  lid  a n d  in v ers ion  ru ns a llow s an 
a ssessm en t t o  b e  m a d e  o f  th e  im p a c t  o f  en tra in m en t o n  th e  b o u n d a r y  la y er  tu rb u le n ce  
s tru c tu re .
3.1 P r e l i m i n a r y  s i m u l a t i o n s
A lth o u g h  th e  la r g e -e d d y  sim u la tion s  co v e r  th e  w h o le  ra n g e  o f  s ta b ilit ie s  b e tw e e n  n eu tra l 
a n d  fre e  c o n v e c t iv e  c o n d it io n s , resu lts  fr o m  th e  tw o  e x tre m e  cases are p re se n te d  first. 
T h is  a p p ro a ch  is ta k en  fo r  th e  fo llo w in g  rea son s :
1. M a n y  stu d ies  h a v e  d ea lt w ith  p u re  sh ear flow  a n d  fre e  c o n v e c t io n . I t  is u se fu l to  
ch e ck  th a t  th e  resu lts  are b r o a d ly  con s is ten t w ith  earlier  fin d in gs  in  th ese  cases, 
b e fo r e  lo o k in g  at th e  m o re  c o m p le x  cases in  w h ich  b o t h  sh ear a n d  b u o y a n c y  are 
im p o r ta n t .
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ru n m esh  p o in ts L x j  k m L y /k m A0/ m b a ck s c a tte r
S N L R 40 x  40 x  32 3 2 1 0 N o
S N H R 80 x  80 x  64 3 2 5 N o
B N L R 40 x  40 x  32 3 2 1 0 Y es
B N H R 80 x  80 x  64 3 2 5 Y es
T a b le  3 .1 : Summary of neutral runs. Lx (Ly) is the size o f domain in the x- (y-) direction. Ao is the 
basic mixing length.
2 . T h is  s tu d y  uses a  v a r ie ty  o f  runs w ith  d ifferen t re so lu tio n s . It  is th e re fo re  im p o r ta n t  
t o  ch e ck  th e  se n s it iv ity  o f  th e  resu lts  t o  re so lu tio n , a n d  ‘h ig h ’ a n d  ‘ lo w ’ re so lu tio n  
resu lts  are c o m p a r e d  here .
3 . T h is  is th e  first m o d e llin g  s tu d y  o f  th e  co n v e c t iv e  b o u n d a r y  la y e r  t o  u se  b a ck s ca tte r . 
T h e  e ffects  o f  th e  p ro ce ss  in  h ig h ly  c o n v e c t iv e  co n d it io n s  are n o t  e x p e c te d  to  b e  as 
s ign ifica n t as th e y  are in  a sh ear flo w  d u e  t o  th e  d o m in a n ce  o f  la rg e  w e ll-re so lv ed  
th erm a ls  in  th e  c o n v e c t iv e  ca se . H o w e v e r , th is m u st b e  te s te d  a n d  so m e  resu lts  fro m  
sim u la tion s  u sin g  th e  s ta n d a rd  S m a g o r in sk y  m o d e l are  p re se n te d  fo r  co m p a r iso n .
3.1.1 Neutral simulations
In  a d d it io n  t o  th e  h ig h  a n d  lo w  re so lu tio n  sim u la tion s  p e r fo r m e d  w ith  b a ck s ca tte r  (B N H R  
a n d  B N L R ) ,  tw o  a d d it io n a l s im u la tion s  w ere  p e r fo rm e d  w ith o u t  b a c k s c a tte r  fo r  c o m p a r ­
ison . T h e s e  w ill b e  re fe rred  t o  as ‘ S m a g o r in sk y  M o d e l s im u la tio n s ’ . T a b le  3 .1  show s 
a  s u m m a ry  o f  th e se  fo u r  n eu tra l s ta t ic -s ta b ility  s im u la tion s . A ll  flow s w ere  d r iv e n  b y  
im p o s e d  g e o s tr o p h ic  w in ds  o f  1 0  m s ” 1  in  th e  a j-d irection .
F ig u re  3 .1  sh ow s th e  e v o lu t io n  o f  v e r t ica lly  a v era g ed  t o t a l  k in e t ic  e n e rg y  w ith  t im e  fo r  
th e se  fo u r  ru n s . T h e  n o n -b a c k s c a tte r  runs sh ow ed  v e ry  lit t le  e n e rg y  fo r  a p p ro x im a te ly  th e  
first 5000 s a n d  th e n  a  la rg e  o v e r s h o o t , w h ile  th e  tu rb u le n ce  in it ia liz a tio n  w as m u ch  m o re
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TIME/(1000s)
F ig u r e  3 .1 : Volume averaged kinetic energy versus time for the four neutral runs.
s m o o th  w ith  b a ck s ca tte r . H o w e v e r  it  can ^ seen  th a t  a ll ru ns h a d  re a ch e d  q u a s i-s tea d y  
s ta te  b y  15000 s. S ta tis tics  w ere  ta k e n  fr o m  th e  S m a g orin sk y  m o d e l  runs b e tw e e n  15000 s 
a n d  20000  s. T h is  re la t iv e ly  sh ort a vera g in g  p e r io d  (c± 5 0 ])w h e re  is th e  la rg e -e d d y  
tu rn o v e r  t im e )  is su fficien t fo r  th e  p resen t c o m p a r iso n . T h e  resu lts  fr o m  th e  b a ck sca tte r  
ru ns rep resen t averages o v e r  10000 s ( ~  4 i* ) . S low  g e o s tr o p h ic  a d ju s tm e n ts  w ill still h a ve  
b e e n  o c c u r r in g , b u t  sh ou ld  h a v e  litt le  in flu e n ce  on  th e  s ta t is t ic s . N o te  th a t  in  o rd e r  to  
m in im iz e  th e ir  in flu e n ce  p e r tu rb a t io n s  w ere  ta k en  re la tiv e  t o  in s ta n ta n e o u s  ra th er  th a n  
t im e -a v e ra g e d  m e a n  q u a n tities .
B e fo r e  co n s id e r in g  a n y  tu rb u le n ce  s ta t is t ic s , a b r ie f  e x a m in a t io n  is m a d e  o f  f lo w  s tru c ­
tu res  re so lv e d . F ig u re  3 .2  sh ow s h o r iz o n ta l se ction s  o f  u  f lu c tu a t io n s  (a?-axis a lign ed  
w ith  th e  g e o s tro p h ic  w in d ) at fo u r  d ifferen t h e igh ts  in  th e  h ig h  re so lu tio n  S m a g orin sk y  
m o d e l  s im u la tion  (S N H R ) . F ig u re  3 .3  sh ow s th e  sa m e in fo r m a t io n  fo r  th e  c o r r e s p o n d ­
in g  b a ck s ca tte r  s im u la tion  (B N H R ) .  T h e  c o n to u r  in te rv a l is 0 .3  m s " 1  w ith  co n to u rs  o f  
p o s it iv e  p e r tu r b a t io n  sh ow n  in  b o ld . Irregu lar s trea k y  s tru ctu re s  ca n  b e  seen  c lo se  to  
th e  su rfa ce , e lo n g a te d  ro u g h ly  in  th e  d ire c t io n  o f  th e  m e a n  sh ea r. T h e s e  streak s b e c o m e
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Z=47m
Figure 3.2: Horizontal sections of u fluctuations after 20000 s in high resolution Smagorinsky model
neutral simulation (SNHR). The contour interval is 0.3 ms-1 with the contours of positive perturbation
shown in bold.
Z=807m
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Z=47m
Z=807m
0 3km
Figure 3.3: Horizontal sections of u fluctuations after 30000 s in high resolution neutral simulation with
backscatter (BNHR). The contour interval is 0.3 ms-1 with the contours of positive perturbation shown
in bold.
Z=492m
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F ig u re  3 .4 : (u'v./ )  velocity variances, normalized by surface stress, for the four neutral runs. The a:-axis 
is aligned with the geostrophic wind.
less ea s ily  d is t in g u ish a b le  h ig h er  u p  th e  b o u n d a r y  la y er . T h e s e  fin d in g s  are con s is ten t 
w ith  m a n y  p re v io u s  la r g e -e d d y  sim u la tion s  (e .g . M o in  a n d  K im , 1982; M o e n g  a n d  S u l­
liv a n , 1 9 9 4 ). T h e  in c lu s io n  o f  b a c k s c a tte r  d oes  n o t  a p p e a r  t o  h a v e  a m a jo r  im p a c t  on  
th e  flo w  fie ld s , a lth o u g h  th e  s tru ctu re s  at 47  m  a p p ea r  t o  b e  s lig h tly  less co h e re n t in  th e  
b a ck s ca tte r  s im u la tion  d u e  t o  th e  sm all sca le  ra n d o m  fo r c in g .
F ig u re  3 .4  sh ow s th e  p ro files  o f  t o t a l  (u ’u ')  v e lo c ity  v a r ia n ce  (r e s o lv e d  p lu s  su b g r id )
. .  . . .  . . . 
o b ta in e d  in  th ese  fo u r  s im u la tion s . T h e  a -a x is  is a lig n ed  w ith L| g eostrop h ic  w in d . T h e
su b g r id  e stim a tes  are m a d e  u sk tg  a ssu m in g  eq u a l e n e rg y  in  ea ch  c o m p o n e n t . T h is  m u st 
b e  e rron eou s  c lo se  t o  th e  su r fa ce , b u t  sh ou ld  g iv e  a re a so n a b le  e s t im a te  in  th e  flo w  in te ­
r io r . R esu lts  fr o m  b o t h  ru ns u sin g  th e  s ta n d a rd  S m a g o r in s k y  m o d e l  sh ow  an  u n rea lis t ic  „„ 
e le v a te d  m a x im u m ^ w h ich is ..n ot .present-in  th e  b a ck s ca tte r  ru n s . T h is  e ffe c t  o f  b a ck s ca tte r  
w as n o te d  b y  M a so n  a n d  T h o m s o n  (1 9 9 2 ) .
T h e  e ffe c t  o f  m o d e l re so lu tio n  is n o w  d iscu ssed . O n e  o f  th e  k e y  tests  o f  th e  la rge - 
e d d y  s im u la tion  te ch n iq u e  is th a t  th e  resu lts  sh ou ld  co n v e rg e  t o  th e  c o r re c t  lim it w ith
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in cre a s in g  re so lu tio n  (i .e . d ecrea s in g  filte r -s ca le ) a n d  b e c o m e  in sen s it iv e  t o  th e  su b g rid  
p a ra m e tr iz a t io n . T h e  h o p e  is th a t  th is  c o n v e rg e n ce  w ill o c c u r  r a p id ly  so  th a t  th e  b e s t  
p o s s ib le  resu lts  are o b ta in e d  fo r  a  g iv en  co m p u ta t io n a l e x p e n s e . I t  has a lrea d y  b e e n  
n o te d  th a t  b o t h  th e  S m a g o r in sk y  m o d e l ru ns sh ow  u n rea lis t ic  e le v a te d  p ea k s  in  (u'u'). 
T h e  p ro files  fr o m  th e  tw o  ru ns a lso  d iffer  s ign ifican tly . In  co n tra s t  th e  resu lts  fr o m  th e  
lo w  a n d  h ig h  re so lu tio n  b a ck s c a tte r  runs are  in  g o o d  a g reem en t w ith  ea ch  o th e r  an d  w ith  
th e  e x p e c te d  p ro file .
T h e  d iffe ren ces  b e tw e e n  th e  resu lts  o f  th e  fo u r  runs are less m a rk e d  fo r  th e  o th er  
va r ia n ces  a n d  are n o t  sh ow n  h ere . In s te a d , in  F ig u re  3 .5 , resu lts  fr o m  s im u la tion  B N H R  
are c o m p a r e d  w ith  d a ta  o b ta in e d  in  fligh ts  in  n ear n eu tra l c o n d it io n s  o v e r  th e  sea  (G ra n t , 
1 9 8 6 ). T w o  o f  th e  fligh ts w ere  m a d e  d u rin g  th e  1981 K O N T U R  e x p e r im e n t  o v e r  th e  N o rth  
S ea , a n d  a  th ird  w as o v e r  th e  A t la n t ic  O ce a n  t o  th e  n orth w e st  o f  th e  U n ite d  K in g d o m .
T h e  e x p e r im e n ta l d a ta  sh ow  in v e rs io n -ca p p e d  b o u n d a r y  la yers  w ith  z,- b e tw e e n  350 m  
a n d  675 m , g iv in g  va lu es o f  u * /  ( / z t) o f  a ro u n d  10. T h e  L E S  b o u n d a r y  la y er  is re la tiv e ly  
d e e p  ( u * /  ( f z i )  ~  4 .5 ) ,  b u t  it  ca n  b e  seen  th a t  th e  to ta l stress p ro file  is still fa ir ly  linear 
a n d  n o t  in co n s is te n t  w ith  th a t  o b s e rv e d . T h e  m o d e lle d  (u'u')/ul a n d  (v'v')/ul profiles  
(a i-axis a lig n ed  w ith  m e a n  b o u n d a r y  la y er  w in d ) h a v e  s im ilar  sh a p es  t o  th e  e x p e r im e n ta l 
cu rv e s , b u t  te n d  t o  b e  tow a rd s  th e  lo w  sid e  o f  th e  d a ta  s ca tte r . T h is  is n o t  u n e x p e c te d , as 
|he e x p e r im e n ta l va lu es m ig h t b e  in cre a se d  b y  m esosca le  m o t io n s , a lth o u g h  th e  sp e c tra  d o  
n o t  sh o w  m u ch  e v id e n ce  fo r  su ch  m o t io n s  w ith  re la t iv e ly  w e ll 'd e fin e d  p ea k s  at w a v e len gth s  
o f  0(z,). A d d it io n a lly  th e  s im u la tion  resu lts  m ig h t b e  e x p e c te d  t o  b e  lo w  as th e  lim ite d  
d o m a in  size  m u st e x c lu d e  so m e  o f  th e  la rg er-sca le  tu rb u len t m o t io n s .
T h e  a g reem en t b e tw e e n  m o d e lle d  a n d  o b s e rv e d  va lu es o f  (w'w')/ul is g en era lly  g o o d . 
C lose  t o  th e  su rfa ce  th e  L E S  has a la rger  v a r ia n ce , a lth o u g h  th e re  is s o m e  e v id e n c e  th a t 
th e  a ircra ft  d a ta  m a y  b e  lo w . P a n o fs k y  an d  D u tto n  (1 9 8 4 ) ta b u la te d  th e  resu lts  o f  a 
n u m b e r  o f  su rfa ce  la y er  e x p e r im e n ts  a n d  fo u n d  a  ra n g e  o f  va lu es fo r  (w'w')/u2 f r o m  1 . 2  
t o  2 . 0  w ith  a m ea n  o f  1 .6 , in  b e t t e r  a g reem en t w ith  th e  L E S  resu lt .
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<t>/u;
<vV >/u* <WW'>/u*
F ig u re  3 .5 : Comparison between LES results and observations (Grant, 1986). (r ) is the total stress, 
and (u'u1), (vrvr) and {w'w') are the velocity variances. The x-axis is aligned with the mean boundary 
layer wind. Solid lines : BNHR (stress-free rigid lid at z ,); dashed lines : IN (temperature inversion at 
z,-); diamonds : aircraft data
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ru n m esh  p o in ts L x /k m L y/ k m \ 0/m b a c k s c a tte r
S C L R 40  x  40 x  32 4 4 23 N o
S C H R 80 x  80 x  64 4 4 11.5 N o
B C L R 40  x  40 x  32 4 4 23 Y es
B C H R 80 x  80 x  64 4 4 11.5 Y es
T a b le  3 .2 : Summary o f convective runs. Lx (Ly) is the size o f domain in the x- (y-) direction. Ao is 
the basic mixing length.
T h e  d a sh ed  lines sh o w  o n  F ig u re  3 .5  sh ow  th e  resu lts  o f  in v e rs io n  ru n  IN . T h e  p ro files  
a re  v e ry  s im ilar , su g g estin g  th a t  th e  im p a c t  o f  en tra in m en t o n  tu rb u le n ce  s ta tis tics  in  
th e  in te r io r  o f  th e  n eu tra l b o u n d a r y  la y er  o f  s im u la tion  IN  is m in im a l. N o te  th a t  a  m o re  
m a rk e d  e ffe c t  m ig h t b e  fo u n d  fo r  a sh a llow er b o u n d a r y  la y e r  in  w h ich  th e  e n tra in m en t 
ra te  w as m o re  ra p id .
3.1.2 Free convective simulations
S im u la tion s  o f  th e  b o u n d a r y  la y er  in  free  c o n v e c t iv e  co n d it io n s  are  n o w  e x a m in e d . A s  in  
th e  n e u tra l ca se , e x tr a  s im u la tion s  w ere  p e r fo r m e d  u sin g  th e  S m a g o r in sk y  m o d e l w ith o u t 
b a c k s c a tte r . T a b le  3 .2  sh ow s a  s u m m a ry  o f  th e  fo u r  s im u la tion s  p e r fo r m e d  u sin g  stress- 
fr e e  r ig id  lid s  t o  ca p  th e  b o u n d a r y  la yers . In  all cases th e  flow s  w ere  d r iv en  b y  an im p o s e d  
su rfa ce  b u o y a n c y  flu x , (w'b')0, o f  10 - 2 m 2 s~3, w ith  th e  g e o s tr o p h ic  w in d  set t o  z e ro . T h e  
t im e  e v o lu t io n  o f  th e  tu rb u le n t k in e t ic  e n e rg y  (n o t  sh ow n ) w as m u ch  m o re  s im ilar fo r  all 
ru n s  th a n  in  th e  n eu tra l ca se . S ta tis tics  w ere  ta k en  fr o m  1500 0 -2 0 0 0 0  s 10£*) in  th e  
lo w  re so lu tio n  s im u la tion s  an d  fr o m  1 0 0 0 0 - 1 2 0 0 0  s ( ~  4£*) in  th e  h ig h  re so lu tio n  cases.
F ig u re  3 .6  sh ow s th e  v e r t ica l v e lo c ity  fie ld s  at variou s h e igh ts  in  th e  h ig h  reso lu tion  
b a ck s c a tte r  s im u la tion , B C H R . T h e re  is a v e ry  d ifferen t s tru c tu re  t o  th a t  o b s e rv e d  in  th e  
n e u tra l flo w  as th e  reg ion s  o f  a scen d in g  air fo r m  a  ce llu lar s tru c tu re  c lo se  t o  th e  su rfa ce , 
w h ich  g ra d u a lly  ch a n ges  w ith  h e ig h t in to  m o re  iso la te d  th e rm a ls . T h e  s tron g est o f  th ese
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Figure 3.6: Horizontal sections of w fluctuations after 12000 s in high resolution convective run with
backscatter (BCHR). The contour interval is 0.4 ms-1 with positive contours shown in bold as before.
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u p d r a u g h ts  o c c u r  a b o v e  th e  ‘ju n c t io n s ’ o f  th e  sp ok es  in  th e  ce llu la r  p a tte r n . A  v e r y  sim ilar 
flo w  s tru c tu re  is fo u n d  in  th e  o th e r  c o n v e c t iv e  runs a n d  it  is co n s is te n t  w ith  o b se rv a tio n s  in  
th e  a tm o sp h e re  u sin g  d u a l D o p p le r  rad ars a n d  a lso  w ith  o b se rv a tio n s  o f  R a y le ig h -B e n a rd  
c o n v e c t io n  in  th e  la b o ra to ry . It  is a lso  con s is ten t w ith  th e  s im u la tio n  resu lts  o f  M a so n
(1 9 8 9 ) , a n d  th e  m u ch  h igh er re so lu tio n  s im u la tion  o f  S ch m id t a n d  S ch u m a n n  (1 9 8 9 ) . T h is  
is n o t  su rp ris in g  as th e  la rg e  th erm a ls  w h ich  d o m in a te  in  th e  fre e  c o n v e c t iv e  b o u n d a r y  
la y e r  are ea sily  re so lv e d  b y  a ll m o d e ls .
F ig u re  3 .7  sh ow s th e  v e lo c ity  a n d  te m p e ra tu re  v a ria n ce  p ro file s  fr o m  th e  fo u r  ru ns. 
N o te  th a t  th e y  h a v e  b e e n  sca led  u sin g  th e  c o n v e c t iv e  v e lo c i ty  a n d  te m p e ra tu re  sca les , ,w * 
a n d  8f , d e fin ed  th ro u g h
w *= ((£) 1w'9'i°z0  13-11
a n d
0 }  =  ( l ^ ' ) o W  (3 .2 )
It  ca n  b e  seen  th a t th e  va ria n ces  fo r  a ll fo u r  runs are e n co u r a g in g ly  co n s is te n t . N o te  
a lso  th a t  th e  d iffe ren ces  b e tw e e n  th e  s ca le d  < u V )  a n d  ( u V )  p ro file s  are o f  c o m p a ra b le  
m a g n itu d e  t o  th e  d iffe ren ces  b e tw e e n  th e  p ro files  fr o m  th e  v a riou s  ru n s , su g g estin g  th a t 
su ch  d iffe ren ces  as d o  ex is t  m a y  b e  la rg e ly  s ta t is tica l in  o r ig in . T h e  p resen t resu lts  are 
a lso  c lo se  to  th o se  o b ta in e d  b y  K re tte n a u e r  a n d  S ch u m a n n  (1 9 9 2 ) in  sim ilar s im u la tion s . 
It is c o n c lu d e d  th a t  L E S  resu lts  in  free  c o n v e c t iv e  co n d it io n s  a re , fo r  s e co n d  m o m e n ts  at 
le a s t , re la t iv e ly  in sen s it iv e  to  re so lu tio n  a n d  th e  use o f  b a ck s ca tte r .
F ig u re  3 .7  a lso  sh ow s th e  a p p r o x im a te  sp rea d  in  th e  la b o r a t o r y  m ea su rem en ts  o f  
A d r ia n  et al. (1 9 8 6 ) . T h is  s tu d y  d ea lt w ith  c o n v e c t io n  b e tw e e n  f ix e d  p la te s , d riven  
b y  a  h ea t f lu x  at th e  low er  p la te  b u t  w ith  ze ro  flu x  th ro u g h  th e  u p p e r . T h e  stress-free  
r ig id  lid  at th e  t o p  o f  th e  d o m a in  a cts  as a  p la te  o f  z e ro  ro u g h n e ss , lea d in g  t o  a la rge  
p e a k  in  h o r iz o n ta l v a r ia n ce  d u e  t o  th e  sp rea d in g  ou t o f  u p d ra u g h ts  im p in g in g  o n  th e  lid . 
T h e  L E S  s im u la tion s  o f  S ykes a n d  H en n  (1 9 8 9 ) w h ich  u se d  a r o u g h  p la te  at th e  u p p e r  
b o u n d a ry , sh ow ed  th a t  th e  a ssu m ed  rou g h n ess  o f  th e  p la tes  d o e s  a ffect  th e  m a g n itu d e
o f  th e  h o r iz o n ta l v e lo c ity  v a r ia n ce , p a r ticu la r ly  c lose  t o  th e  u p p e r  b o u n d a ry , b u t  a lso  to
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<u'u*>/v< <vV>/w^
<$'d'>/e)
Figure 3.7: Velocity and temperature variances for the four simulations o f the convective boundary 
layer capped by stress-free rigid lids. The variances have been normalized using the convective velocity 
and temperature scales, w* and Of. The shaded regions enclose the experimental results o f Adrian et al. 
(1986).
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some extent in mid boundary layer. Therefore, although the shape of the profile seems 
reasonable, the quantitative agreement between the LES results for [u'u^jw2 and the 
experimental data in mid boundary layer may be somewhat fortuitous. Sykes and Henn 
found that results for the vertical velocity and temperature variances were considerably 
less sensitive to the boundary conditions, and the present LES results are in reasonable 
agreement with the experimental data, the model values of {w'w') jw2 lying on the upper 
side of the spread of data points, while the (0f0')/62j results follow the lowest measured 
values.
Figure 3.5 showed that in the neutral case, similar variance profiles are obtained 
when using stress-free rigid lids and temperature inversions to form the boundary layer 
top. More marked differences are found in the convective case. Figure 3.8 shows the 
results from simulations IC (inversion) and BCHR (lid). In simulation IC overshooting 
updraughts perform work entraining fluid from above the boundary layer (heat flux at 
the inversion of ~ —O.13(ui/0/)o) and the large upper peak in (u'u')/wl is entirely absent. 
Mid boundary layer values of the horizontal velocity variance are also reduced to around 
0.2w^ . There has been a considerable amount of debate over whether LES predictions 
of (u'u')/wl in the free convective boundary layer are reliable. The present results are 
broadly consistent with previous LES studies, lying just on the upper edge of the spread 
of results in the intercomparison study of Nieuwstadt et al (1992). As can be seen from 
Figure 3.8 they also agree reasonably well with the aircraft measurements over the sea 
from the AMTEX experiment of Lenschow et al (1980), although showing slightly smaller 
values in the upper half of the boundary layer. Other atmospheric data (e.g. Caughey 
and Palmer, 1979) tend to show larger variances. However, it does seem plausible that 
such data might be contaminated by the presence of a mean wind, with shear production 
near the surface acting as an additional source of turbulence (see Section 3.4.2). Surface 
inhomogeneity over laud might also lead to enhanced variances. For example, Schmidt
(1988) found, using LES, that sinusoidal surface heat flux variations of amplitude 50% of 
the mean led to a 30% increase in horizontal velocity variance. It has also been suggested 
(Andreas Dornbrack, private communication) that atmospheric variances in the boundary
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<u'u‘>/W^
BCHR
 1C
+ DEARDORFF AND WILLIS, 1974 
X WILLIS AND DEARDORFF, 1985 
□ LENSCHOW ET AL., 1980
Figure 3.8: Variances predicted by large-eddy simulation of the free convective boundary layer capped 
by a temperature inversion (IC). The symbols show the results o f the tank experiments o f Deardorff 
and Willis (1974) and Willis and Deardorff (1985), and the aircraft measurements of Lenschow et al. 
(1980). The dotted line on the vertical velocity variance plot is the interpolation curve, (w’w’) /w i  = 
1.8(z/zi)2^ 3(l  — 0.8z/z{)2. Also shown for comparison, are the results o f simulation BCHR in which the 
boundary layer is capped by a stress-free rigid lid.
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layer might be increased by forcing from gravity waves in and above the inversion layer.
Figure 3.8 also shows that the (ulu')jw2 profiles are in good agreement with case 
SI of the convection tank experiments of Willis and Deardorff (1974) which used an 
aspect ratio of two, but tend to be low compared to thetl;' experiments of Deardorff and 
Willis (1985) which used an aspect ratio of five. However it has been suggested (Schmidt 
and Schumann, 1989) that at least some of the increase in the latter study was due to 
horizontal variations in the surface heat flux, so the impact of the change in aspect ratio 
is not clear. A test LES run with the same mesh spacing as BCLR but with a domain 
of 6.4zj X 6.4z,’ x Zi (instead of 4z,- x 4z; x z;) was performed and gave almost identical 
variance profiles. This result is consistent with those of the similar tests performed by 
Sykes and Henn (1989) and Mason (1989) and suggests that use the ofysmaller domain, 
while forcing more energy onto smaller scales, does not have a significant impact on the 
total variances.
A more recent laboratory study by Hibberd and Sawford (1994) which used a saline 
tank, again produced horizontal velocity variances significantly larger than LES (0.34u;2 
in mid boundary layer). A full explanation is not offered, although the discrepancy may 
be in part due to their relatively strong inversion (Nt* — 23 compared to around 8 in the 
LES inversion runs, IC and ICHR). This leads to a strong upper maximum in («V ), in 
many ways reminiscent of the LES results with a rigid lid. Some low resolution LES tests 
failed to show any significant variation of (u'u')/wl with the strength of the overlying 
inversion, but arguably much higher resolution is required to obtain credible results with 
stronger inversions.
In summary, the LES results for the horizontal velocity variance do seem to be cred­
ible for the idealized case studied, but the wide scatter in observational results indicates 
sensitivity to a large number of factors. In contrast, results for the vertical velocity vari­
ance are much less scattered and good agreement is found with the interpolation curve 
proposed by Lenschow et al. (1980) and with the laboratory experiments of Willis and 
Deardorff (1974) and Deardorff and Willis (1985). Note that the effect of allowing entrain-
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ment is much less marked than for (u'u^/wl, although the process does lead to a slight 
lowering of the height of the maximum of (w'w')jw2, and reduced values in the upper half 
of the boundary layer. The temperature variance results with and without entrainment 
are very similar, except close to the inversion where entrainment of warm air from aloft 
leads to a large peak in {O'9'). The shapes of the LES profiles are encouragingly consis­
tent with observations, and although the mixed layer values are slightly low compared to 
most observations, it should be noted, following Schmidt and Schumann (1989), that the 
magnitude of the temperature fluctuations in this region is small (typically of order 0.1K) 
making any observations prone to error.
3.1.3 Summary to Section 3.1
In this section results have been presented from a variety of simulations of the boundary 
layer in neutral conditions and in free convective conditions. The main conclusions are as 
follows:
1. The agreement with observations, both from the field and the laboratory, has gen­
erally been good and increases the level of confidence in the ability of the model to 
produce credible simulations of turbulence in the convective boundary layer.
2. The results have been shown to be relatively insensitive to model resolution. This is 
encouraging as it provides at least limited evidence for convergence of results with 
increasing resolution. Also it increases confidence in the value of low resolution 
simulation results. This is important as it means that additional sensitivity tests 
can be performed relatively cheaply, and also because results from low resolution 
simulations (which have been run to long time) are used extensively when studying 
drag coefficients in Chapter 4.
3. Entrainment appears to have minimal impact in simulations of the neutral boundary 
layer. However some statistics, most notably (u'u')lul, are significantly affected by
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the use of a rigid lid (rather than a temperature inversion) to cap the boundary 
layer in convective conditions.
4. As expected, the impact of backscatter in conditions of free convection is minimal.
3 . 2  S i m u l a t i o n s  i n  t h e  m i x e d  s h e a r  a n d  b u o y a n c y  
r e g i m e
As discussed in Chapter 1, the stability of the convective boundary layer is characterized 
by —Zi/L, or alternatively by the ratio of the convective velocity scale, w*, to the friction 
velocity, u*. Values of these quantities for the high and low resolution lid runs can be 
found in Table 3.3. Note that the naming convention is designed so that the approximate 
stability of each simulation can be ascertained from the the name of that simulation -  M03 
has —Zi/L cz. 0.3, M21 has —Zi/L ~  2.1, M64 has —Zi/L ~  6.4 and so on. Also shown 
in the table are the angles between the surface and geostrophic winds (ao)} the eddy 
turnover times (£*), and the averaging periods used. In the high resolution simulations, 
the averages are typically over four eddy turnover times.
Table 3.4 gives results for the inversion runs. These simulations all show a negative 
buoyancy flux at the top of the boundary layer. The magnitude of this entrainment flux 
is found to be around 13% of the size of the surface buoyancy flux in simulation IC, and 
about 60% of the surface value in 103. However, a discussion of the factors affecting the 
size of the entrainment flux and the rate of inversion rise is deferred until Chapter 6. The 
present chapter concentrates on the effects of entrainment on turbulence in the boundary 
layer interior by comparing the results of the lid and inversion runs.
Note that relatively short averaging periods were used in the more unstable runs. This 
was done in order to prevent excessive inversion rise within any one averaging period, but 
makes the results rather more prone to statistical error, with profiles from successive 
averaging periods sometimes showing considerable scatter. This is most noticeable when
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high resolution (80 X 80 X 64 points)
run w*/ms 1 u*j ms 1 <V(deg.) -Zi/L U/s Averaging 
time /s
Total 
time /s
BNHR 0.00 0.42 20.0 0.00 2390 10000 30000
M04HR 0.46 0.46 17.8 0.40 2160 10000 30000
M09HR 0.69 0.52 17.5 0.95 1440 6000 24000
M23HR 1.00 0.55 17.4 2.35 1000 4000 20000
M40HR 1.26 0.59 19.5 3.99 794 3000 18000
M68HR 1.59 0.62 22.1 6.83 630 3000 18000
M147HR 2.15 0.65 24.5 14.7 464 3000 14000
BCHR 2.15 0.08 -  7300 464 3000 . 12000
low resolution (40 x 40 x 32 points)
run w*f ms 1 u*/ms' 1 a0/(deg.) -Zi/L £*/s Averaging 
time /s
Total 
time /s
BNLR 0.00 0.45 18.0 0.00 2220 10000 100000
M03 0.46 0.52 18.5 0.28 1920 10000 100000
M09 0.69 0.54 17.5 0.87 1440 10000 100000
M21 1.00 0.58 18.6 2.06 1000 10000 100000
M35 1.26 0.61 20.8 3.51 794 10000 100000
M64 1.59 0.63 23.0 6.35 630 10000 100000
M134 2.15 0.67 25.8 13.4 464 10000 100000
BCLR 2.15 0.05 - 25000 464 5000 20000
Table 3.3: Results o f high and low resolution simulations o f the boundary layer capped by a stress-free 
rigid lid at Z{ — 1000 m. -to* is the convective velocity scale, u* is the friction velocity, and ao is the 
angle between the surface stress and the geostrophic wind. —Zi/L =  re(to*/i£*)3 is used to characterize a 
particular flow. Note that the averaging period for statistics in the high resolution simulations is typically 
four times the eddy turnover time, t*.
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high resolution (80 X 80 X 100 points)
run w*/ms 1 it*/ms 1 a0/(deg.) Zi/m -Zi/L £*/s Averaging 
time /s
Total 
time /s
INHR 0.00 0.43 21.3 879 0.00 2040 5000 40000
I10HR 0.68 0.51 18.3 962 0.95 1410 5000 30000
ICHR 1.27 0.03 - 1030 26000 810 1000 11000
low resolution (40 x 40 x (64 — 72) points)
run %/ms 1 %/ms 1 a0/(deg.) Zi/m -Zi/L £*/s Averaging Total
time /s time /s
IN 0.00 0.44 19.7 847 0.00 1940 10000 50000
103 0.47 0.49 18.5 1007 0.35 2060 10000 50000
110 0.69 0.52 18.2 1003 0.97 1450 5000 40000
127 1.07 0.57 17.7 1239 2.70 1150 2000 50000
177 0.98 0.36 21.1 934 7.69 960 2000 30000
IC 1.28 0.03 _ 1052 37000 820 1000 11000
Table 3.4: Results o f high and low resolution simulations of the boundary layer capped by a temperature 
inversion. Values shown are for the final averaging period in each run.
looking at third order moments such as (w'w'w'), particularly in the moderately unstable 
runs which show considerable wave activity around the inversion and fluctuations in the 
entrainment flux. Accordingly, turbulence statistics from successive averaging periods 
in the inversion runs have been averaged together (as functions of z/zf) to form ‘long 
averages’, and it is these which are shown in the section on turbulence statistics. They 
typically represent averages over around 10£*, although rather shorter in INHR and ICHR 
(7£* and 4£* respectively). Note that this approach is not quite equivalent to having taken 
a single long average over time, as each individual profile is normalized using the value of 
Zi appropriate at that time, and so the final averages should be less sensitive to changes 
in Zi over time.
First some flow fields from these simulations are presented, and then the variation of 
some turbulence statistics with stability is examined.
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3 . 3  F l o w  f i e l d s
Figure 3.9 shows horizontal sections of the w fields at 0.2z,- from a selection o f the high 
resolution lid runs. BNHR shows the irregular pattern characteristic o f neutral flows, and 
the structures in M04HR do not appear to be significantly different. However, the flow 
fields change markedly with increasing instability. M09HR shows a large convective roll, 
aligned with the aj-axis and spanning the entire domain. M23HR and M40HR (not shown) 
appear similar, although by M68HR there are signs that the roll structure is beginning 
to break up. Indeed, by M147HR there is a cellular structure not dissimilar to that in 
the free convective simulation, BCHR. Therefore these results suggest that the transition 
from the regime favouring roll vortices to that favouring cellular convection occurs at a 
value of —Zi/L o f around 7. This is reasonably consistent with the LES results o f Sykes 
and Henn (1989) which showed the transition at —ZijL  ~  9, and also the BOM EX data 
(see Chapter 1).
The flow fields from the low resolution lid runs show a similar variation with stability. 
Figure 3.10 shows results from some of the inversion runs. Note that the horizontal 
sections shown are all at 207 m, which is around 0.25z,- although there is a slight variation 
between runs due to differing values o f zt-. In these runs there is some evidence of a rather 
broken roll structure with —z ,/L  as small as 0.4, and simulation 110 shows two main bands 
o f ascent (c f the single band in M09HR). Nevertheless the tendency of the regions of ascent 
in the lower CBL to become organized into bands at intermediate values of stability does 
not appear to have been significantly affected by inclusion of the entrainment process. 
Rather more marked differences between the flows in the lid and inversion runs can be 
seen higher in the boundary layer. Figure 3,11 shows wind vectors in vertical sections 
from simulations M09HR and I10HR. The sections are in the y  — z  plane and are therefore 
perpendicular to the roll axes. In M09HR a single strong roll can be seen. On approaching 
the stress-free upper boundary, the updraught simply spreads out horizontally giving rise 
to a large peak in (v'v'). Almost horizontal outflow continues until two opposing flows 
meet, at which point the downdraught is observed. In I10HR there is a two roll pattern,
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BNHR M04HR
4 k m
M09HR
4 k m
4 k m
M147HR
4 k m
M68HR
0 4 k m
Figure 3.9: Horizontal sections of w fluctuations at z/z,- = 0.21 from a selection of the high resolution 
lid runs. The contour interval is 0.3 ms-1 for BNHR, M04HR, M09HR and M68HR, and 0.4 ms-1 for 
M127HR and BCHR.
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0 4 k m
103
0 4 k m
Figure 3.10: Horizontal sections of w fluctuations at height 207 m (z/zj ~  0.25) from a selection of the 
inversion runs. The contour interval is 0.3 ms-1 in all cases.
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Figure 3.11: Vertical slices in the y — z plane showing velocity vectors from simulations M09HR and 
I10HR.
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with rather weaker horizontal outflow around the temperature inversion at zt. Above the 
inversion there is evidence o f gravity wave motions induced by updraughts impinging on 
the inversion. Moeng and Rotunno (1990) suggest that updraughts in the free convective 
boundary layer lose most o f their energy by setting tbe inversion into motion, and therefore 
induce only weak return flow. It is not immediately clear from Figure 3.10 that the roll 
downdraughts in I10HR are weaker than those in M09HR, but note that the skewness of 
the vertical velocity field is larger in this simulation, consistent with the downdraughts 
being relatively weak and diffuse compared to the updraughts (see Section 3.4.4). Hence 
it seems plausible that the entrainment process, while not preventing the formation of 
large-scale structures such as rolls, might place a restriction on the strength and size of 
these circulations.
The presence of roll structures in these simulations is clear, and it is encouraging 
that they appear over a range o f stabilities broadly consistent with that observed in 
the atmosphere. However, the use of periodic boundary conditions with a small domain 
severely constrains their possible spacings and orientations, and it is not obvious how 
much this constraint affects the turbulence statistics. Indeed, it is not impossible that 
their very formation in the model is due to the periodic boundary conditions. Accordingly 
two additional test simulations were performed to examine the sensitivity of the results 
to domain size and orientation.
The first test aimed to reduce the influence of the periodicity by using a much larger 
domain. It was run using the same geostrophic wind and surface heat flux as M09HR, 
but had a horizontal mesh spacing of 200 m (a factor o f four larger than in M09HR) so 
that the domain was a square of size 16 km. In view of the degradation o f the horizontal 
resolution, the number of mesh points in the vertical was reduced with 40 points below 
the rigid lid at 1 km, and the basic mixing length, A0, was increased to 46 m. Figure 3.12 
shows that rolls are still observed in this large domain, and in this case they do not span 
the entire domain which should mean that the boundary conditions have less influence. 
The spacing of between 2 and 3 times the boundary layer depth is also encouragingly 
consistent with atmospheric observations (see Chapter 1). Note however that there are
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LARGE DOMAIN
Figure 3.12: Horizontal sections of w fluctuations at z/z, =  0.2 from additional runs performed as 
sensitivity tests. Both should be compared with M09HR. The first plot shows results using a much larger 
domain; the second shows results obtained with the geostrophic wind aligned with the z-axis (rather than 
rotated 13 degrees). The contour interval is 0.3ms” 1 in both cases.
still a very limited number of possible orientations, and once again the rolls are aligned 
with the x-axis. In order to realistically simulate roll orientation a still larger domain 
would be needed. However, even with this domain the simulation is very poorly resolved 
(the vertical velocity variance is less than 50% resolved at 0.3z,). Hence the smaller 
domains are preferred, even though the roll structure is undoubtedly dependent on the 
grid geometry.
The second plot in Figure 3.12 shows results of a test simulation, similar to M09HR in 
all respects except that the geostrophic wind is parallel to the x-axis, rather than rotated 
13 degrees. Rolls are still observed, although this time there is two roll pattern rather 
than the single roll o f M09HR. Interestingly, the vertical profiles o f turbulence statistics 
(e.g. velocity variances) from the two runs are found to be similar. Moeng and Sullivan 
(1994) noted similar statistics from two simulations, one at —z ./L  =  1.6 which had a clear 
two roll pattern, and another at —z ,/T  =  1.4 in which rolls were not visible. These results 
suggest that scaled turbulence statistics are not strongly affected by the organization of 
convection into large roll structures.
ROTATED G
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Figure 3.13: Mean wind profiles from runs BNLR, M03, M21, and M134. The aj-axis is aligned with 
the geostrophic wind.
It is concluded that the formation o f roll structures by the model is broadly realistic, 
although their orientation and spacing are undoubtedly affected by the the use of relatively 
small domains with periodic boundary conditions. Nevertheless, there is at least limited 
evidence that LES turbulence statistics at a given stability are not particularly sensitive to 
the presence or otherwise of large roll structures, so any unrealistic spacings or orientations 
of such structures should not have a major effect.
3 . 4  T u r b u l e n c e  s t a t i s t i c s
Figure 3.13 shows the mean wind profiles from a selection of the low resolution lid simula­
tions. They are shown at this point to confirm that the simulations capture the expected 
changes with stability, with significant shear at all levels in BNLR but reasonably well 
mixed profiles in the more convective runs. However, a detailed examination of the mean 
fields and attempts to model them with simple mixed layer and closure models is post-
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<W’W>/W  ^ OV'W'VV^
Figure 3.14: Variation of (w'w')fwl with stability. The first plot shows profiles from some of the 
high resolution runs of the boundary layer capped by a rigid lid (free convective and —Z{jL ~  6.8, 2.3, 
0.9, 0.4). The second plot shows profiles from runs using a temperature inversion (free convective and 
—Zi/L ~ 7.7, 2.7, 0.9, 0.3), and also some atmospheric observations. Squares : Lenschow et al. (1980); 
Triangles : flight H467 of Grant (1986); Diamonds : class A of Nicholls and Readings (1979).
poned until Chapter 4. Instead, this section looks at the variation with stability o f scaled 
turbulence statistics from both the lid and inversion simulations.
3 .4 .1  V ertical velocity variance
Figure 3.14 shows profiles o f (w'w')/wl from a selection of the simulations. The results 
obtained using a stress-free rigid lid will be considered first. The variance in these simula­
tions is typically between 80 and 90% resolved for z/z{ > 0.2, so the results should not he 
sensitive to the subgrid estimates. The free convective profile o f BCH R is that which was 
compared with the laboratory data of Adrian et al (1986) in Figure 3.7. Addition of a 
mean wind rapidly leads to increased variances close to the surface due to shear production 
of turbulence. However the variances in the interior o f the boundary layer are shown to be 
insensitive to the presence of a mean wind, at least up to some threshold value of stability. 
The profiles from simulations M146HR (not shown) and M68HR are very similar to that 
from BCHR, while even at —Z{/L — 2.3 (M23HR) the mid boundary layer maximum is
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only about 25% larger than the free convective value. Analysis o f the energy budgets (not 
shown) reveals that this is due to buoyant mixing keeping the velocity profiles reasonably 
well mixed, so that buoyancy production of turbulence dominates over shear production 
throughout most o f the CBL. Furthermore, while buoyancy forcing contributes directly to 
{w'w'), shear production can only contribute to (u'u'). Energy could be transferred from 
the horizontal to the vertical velocity component by the pressure forces, but the LES 
shows that for —zfiL  > 1, (p'dw’/dz) is negative throughout the CBL, indicating that 
the transfer is in the opposite direction. In contrast, the {w'w') profile from simulation 
M04HR is similar in shape to that obtained in the neutral simulation, BNHR. It seems 
that the transition between essentially free convective and neutral regimes for the vertical 
velocity variance occurs relatively rapidly, over a range of —Zi/L between around 3 and
0.5. This is consistent with the finding of Deardorff (1972a) that the boundary layer root 
mean square vertical velocity scales with w* for —Zi/L > 4.5.
The results obtained in the simulations using a more realistic temperature inversion 
show a similar dependence on stability, with interior values o f {w'w') remaining close to 
free convective for —z,*/L > 3. Interestingly there does appear to be a slight minimum in 
(w'w')/wl around —Zi/L =  7. Some of the decrease relative to the free convective result 
o f ICHR might be due to the relatively poor resolution of simulation 177, although the 
discrepancy between the high and low resolution results o f ICHR and IC is smaller by a 
factor o f about three, suggesting that at least some of the decrease may be real. Note that 
Mason (1992) also found a slight minimum of (w'w')/wl in his R7 {—Zi/L =  6.3). The 
change in behaviour close to the surface is an artefact o f the procedure used to average 
profiles from the inversion runs, and has no physical significance.
The result that relatively small values of — Z i / L  are required before the vertical velocity 
variance increases significantly above its free convective value, is supported by atmospheric 
data. Also shown in Figure 3.14 are the highly convective results o f Lenschow et al. (1980), 
and data from flight H467 of Grant (1986) for which — Zi/L — 5.9, and class A of Nicholls 
and Readings (1979) for which the average value of —z ,/L  is 3.9. These data are generally 
consistent and show little or no trend with stability.
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Parametrization o f (w'w') is o f particular importance for dispersion modelling. Hojstrup 
(1982) and Hunt (1984) argue for the statistical independence of shear and buoyancy 
produced turbulence close to the surface, and therefore advocate addition o f separately 
modelled contributions to the variance. Their ideas find support in the works of Panofsky 
et al. (1977) and Wayland and Raman (1994) which both showed reasonable agreement 
between atmospheric measurements and the empirical curve
(w'w1) =  ^1.6 +  2.9^-—  ^ ^ ul =  1.6u2 +  5<3( “ )  wl (3‘3)
Note that the first term on the right hand side of Equation (3.3) represents the con­
tribution to the variance of shear-generated turbulence, and the second term represents 
the buoyancy contribution. The large-eddy simulations are poorly resolved close to the 
surface and therefore not suitable for critical evaluation of parametrizations such as this. 
However, it is encouraging that the results show a steady increase in (w'w') with increasing 
shear, and are broadly consistent with (3.3).
One possible approach to parametrizing the vertical velocity variance in the boundary 
layer interior is to apply the assumption that shear and buoyancy generated turbulence 
are independent o f each other at all heights. This leads to a parametrization o f the form
(w'w') =  f Nul +  f c wl (3.4)
where /^  and f c are shape functions describing the profiles o f (w'w')/ul and (w'w')/wl 
as functions of (.z/zi) in neutral and free convective conditions respectively. This is at­
tractively simple and also has the advantage o f being consistent with (3.3) in the surface 
layer. However, it implies that any non-zero value of u* will lead to an increase in (w'w') 
relative to free convective values at all levels, which has been shown not to be the case. 
Another possibility is to take
(w'w')3/2 =  {fNul)3/2 +  ( f c w l f 2 (3.5)
This has the potential advantage over (3.4) that u* loses its influence more quickly as 
—Zi/L increases. In fact, Panofsky et al. (1977) found that an interpolation formula based 
on adding cubes rather than squares performed better for large —z/L  in the surface layer.
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-z, / L
Figure 3.15: wb/w* for LES lid runs. Diamonds : high resolution; Squares : low resolution. Note that 
results from BCHR and BCLR are plotted at —zffL =  16 to show the convective limit. Also shown are 
the results of three possible parametrizations, involving linear, quadratic and cubic combinations of u* 
and w*, as described in the text.
Also it could be argued that the shear and buoyancy production terms in the turbulence 
kinetic energy budget scale with u l / Z{ and w\jzi respectively, giving this interpolation 
formula some physical justification.
w b  is defined to be the square root o f the average value of {w'w') between the surface 
and Zi i.e. a boundary layer average root mean square vertical velocity. The variation with 
stability o f w b /w * for the LES lid runs is shown in Figure 3.15. As expected, it is almost 
constant from —Zi/L =  oo until —Zi/L CJ 3, and then increases sharply as shear effects 
become significant. Also shown are the results o f three possible parametrizations, all of 
which have been tuned to give wb =  0.9u* when w* =  0 and w b  =  0.6u;* when u* =  0 
to be consistent with the LES results in the neutral and convective limits. That labelled 
‘linear’ represents the curve, wb =  0.6(u;* -f 1.5u*), and can be seen to systematically 
overestimate the root mean square vertical velocity. In contrast, the parametrization 
w b  =  0.6(u>2 +  2.25'it2)1^ 2, which is consistent with vertical integration o f Equation (3.4),
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is in much better agreement with the LES results, although still overestimating wq by cx 
15% wben —zt/X  cx 2. Note however that the cubic combination, wp =  0.6(w3 +  3.4u3)173 
which is consistent with (3.5), performs better still.
Consistent with these findings for the root mean square velocity, it is found that 
Equation (3.5) is more successful than (3.4) in reproducing the LES variance profiles. 
Using results from BNHR and BCH R to give /at and f c ,  it predicts variances within 
20% of the LES values in most cases, with the largest error being a 50% overestimate at 
z/Zi =  0.3 for —Zi/L =  1. Interpolation formula (3.4) shows a rather larger overestimate 
(~  100%) at this point, and generally shows a greater influence o f u* on the variance in 
mid boundary layer in convective conditions. Neither formula is capable o f reproducing 
the slight minimum in (w'w1) found around — z ,/L  =  7.7 in the inversion runs, but once 
again the agreement of (3.5) with the LES inversion run results is slightly more satisfactory 
than that o f (3.4).
In conclusion, for practical dispersion models requiring a profile o f (w'w1) in the CBL, 
the use of Equation (3.5) is advocated. This requires specification o f the shape functions, 
/at and f c , and /at =  1.3(1 — 0.8z/zf) and f c  =  1 .8 (z /z ,)2^ 3( l  — 0.8z/zff are suggested, 
consistent with LES and observational results. Note that the variances predicted will be 
sensitive to the values of u*, w* and z,-, which may not be known accurately. Therefore 
it may be that any additional errors brought about by the use o f interpolation formula 
(3.4) instead of (3.5) are not significant in practice.
3.4.2 Horizontal velocity variances
The effect o f shear on the horizontal velocity variance profiles is rather different. Shear 
production contributes directly to (u'u') (strictly to the component aligned with the mean 
shear at that height), but can only have an effect on (w'w') through transfer o f kinetic 
energy via the pressure forces. Deardorff (1972a) found that this transfer was relatively 
slow so that shear had more effect on (u'u') than (w'w') or, alternatively, larger values of
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—Zi/L were required before (u'u') scaled convectively.
Figure 3.16 shows the results for the horizontal velocity variances scaled using the 
convective velocity scale. In the inversion runs {u'u')/wl increases monotonically with 
increasing geostrophic wind, having a value in mid boundary layer o f around four times 
the free convective value for —Z{/L ~  1. The increase in (v'v') is less rapid (as energy has 
to be transferred from {u'u') by the pressure forces) although still monotonic. There is 
some evidence o f slight upper maxima in the profiles from the moderately unstable runs, 
consistent with the presence of roll structures in these simulations.
The most unstable lid runs tend to show larger values of {u'u') than the corresponding 
inversion runs as the transfer o f energy from {w'w') is more significant as updraughts 
impinge on the stress-free lid. However, the profiles show a similar increase in variance as 
shear production becomes increasingly important. The {v'v') statistics are dominated by 
the presence of very strong roll circulations in these runs and are probably not relevant 
to the atmospheric boundary layer.
It is concluded that free convective scaling does not appear to be appropriate for the 
horizontal velocity variance profiles. They might he expected to scale more successfully 
with ul when shear production is important. Indeed Figure 3.17 shows that the neutral 
and moderately unstable inversion run profiles do collapse reasonably successfully when 
this scaling is used. Apart from 103, which behaves somewhat anomalously, increasing 
instability tends to reduce the scaled variances in the lower boundary layer as the smaller 
mean velocity gradients lead to reduced shear production. At the same time variances 
aloft tend to increase due to transfer from the buoyancy driven {w'w'). W ith increasing in­
stability this transfer becomes more important and eventually the scaled variances exceed 
their neutral values at all heights. Note however that the pressure forces mainly transfer 
energy into {v'v') rather than {u'u'), consistent with the presence o f roll structures in the 
simulations. Similar behaviour was observed by Grant (1986) who found that (v'v')/ul 
increased significantly between neutral conditions and -Z j/L  =  5.8, while {u'uj/ul was 
little changed in the lower part o f the boundary layer.
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Figure 3.16: Variation of horizontal velocity variances with stability. The cc-axis is aligned with the 
mean boundary layer wind. Profiles are shown from lid runs, BCHR, M68HR, M23HR, M09HR and 
M04HR, and inversion runs, ICHR, 177,127, I09HR and 103, as in Figure 3.14.
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Figure 3.17: Horizontal velocity variances from the inversion runs, scaled by u*. The x-axis is aligned 
with the mean boundary layer wind.
3.4.3 Temperature variance
Figure 3.18 shows profiles o f the total temperature variance (i.e. resolved plus subgrid), 
scaled using the convective temperature scale, Of — ((w'O')o/w*). There is considerable 
uncertainty in the subgrid estimates but note that the high (low) resolution simulation 
variances are all 80% (60%) resolved at z/z,- — 0.1 and 90% (80%) resolved for z/z,- > 0.2, 
and so errors in these estimates are not expected to significantly affect the results quan- 
titively except in the surface layer.
Very close to the surface a large peak in (O'O') j  62 is expected, and found, as the 
production term in the temperature variance budget ( —(w '0')d(6)/dz) becomes large. The 
size o f the surface peak does vary with stability, as the near surface temperature gradients 
depend on u*, and the temperature variance is expected to scale with 6* (=  (w'0')o/u*) 
rather than O f .  However, experimental results from the atmospheric surface layer suggest 
that u* loses its influence on the variance relatively quickly as distance from the surface 
increases. For example, Ohtaki (1985) found that the variance scaled convectively for 
—■z/L £ 0.1, and Hicks (1981) found that this was the case for —z/L £ 0.3 . Accordingly 
it is not surprising to find that the profiles o f (9'8') JO2 from simulations M09HR, M23HR
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Figure 3.18: Variation of (6'6')/62 with stability. The first plot shows profiles from some of the high 
resolution runs of the boundary layer capped by a rigid lid. The second plot shows profiles from runs 
using a temperature inversion.
and M68HR are in good agreement throughout most o f the boundary layer, although 
the values from the free convective simulation, BCHR, do appear to be anomalously low. 
Convective inversion run ICHR is in better agreement with the less unstable runs 177,127 
and I09HR in mid CBL. It is concluded that the LES results are broadly consistent with 
the experimental results mentioned above, although the inversion runs clearly show that 
values of {6'9') above about 0.7z,- are highly sensitive to the entrainment process.
3.4.4 Skewness
The vertical velocity skewness, {w'w'w')/ (w'w')3/2 provides important information on flow 
structure and energy transport. It has a value zero for Gaussian turbulence, while positive 
values indicate relatively strong, narrow updraughts and weak, diffuse downdraughts. For 
(w'w') the sum of the resolved and subgrid parts is taken as before. Following Mason
(1989), total {w'w'w') is estimated by adding two-thirds o f (w '(S K E )) (where S K E  is 
the subgrid energy) to the resolved value. This ‘mixed scale’ contribution has a large 
effect near the surface, but typically contributes less than 20% o f the total for z/z,• >  0.2.
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Figure 3.19: Variation of vertical velocity skewness with stability.
The entirely subgrid scale contribution is neglected but it is not expected to be significant 
in the flow interior.
The results in Figure 3.19 show the skewness increasing at first with increasing in­
stability in the lid runs, but tending to become constant in mid CBL with a value of 
around 0.5 for —Zi/L > 1. It has already been shown that (w'w') scales approximately 
convectively in the CBL interior for moderate values of — Z i / L  and this result suggests 
that (w'w'w') behaves similarly. This is consistent with the triple moment being domi­
nated by large-scale thermals, with approximately Gaussian shear turbulence having little 
influence even in the surface layer as shown in the measurements o f Hunt et al. (1988).
The inversion runs show similar profiles in the lower halves o f the boundary layers, 
although tending to show slightly larger values. The increase in values is more marked 
higher up, particularly in simulation ICHR. The change relative to the lid runs is associ­
ated with updraughts losing some o f their energy entraining fluid from above the inversion 
resulting in weaker downdraughts as discussed in Section 3.3. Observations in the up­
per CBL generally show rather smaller skewness values (cx 0.6) than LES results. This 
has sometimes been interpreted as a failing of the simulations, but Mason (1989) and 
Moeng and Rotunno (1990) have suggested that observations might be contaminated by
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larger-scale mesoscale structures or gravity waves which contribute to (w'w') but have 
little effect on {w'w'w'). These ideas were supported by the analysis o f experimental data 
performed by LeMone (1990). Thus it is concluded that the LES skewness profiles are 
credible, although only directly comparable with observations made in conditions close to 
the idealized ones which are simulated.
3.4.5 Dissipation length scale
Almost all boundary layer parametrization schemes require specification of a turbulent 
length scale, and here the variation of the dissipation length, A£ , with stability is examined 
(Figure 3 .20 ). It is defined through
((u 'u j +  (v'v1) +  ( w 'w j f 12 
=   Q -------------------  ( )
where e is the dissipation rate. The first plot shows the results o f some of the lid runs. 
Due to a diagnostic error, the dissipation rate in some o f these runs had to be estimated 
as a residual in the turbulent kinetic energy budget, assuming stationarity. This approach 
makes the profiles rather rough, and prone to errors near the boundaries where any incon­
sistencies in the diagnostic evaluation of the budget terms have most effect. Nevertheless,
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it is clear that the length scale has a tendency to approach a constant value (which de­
pends on stability) in mid boundary layer. That value is around 2z,- in the neutral run, 
and between 3.5z, and 4z,- for the simulations with —Zi/L > 1.
The profiles from the inversion runs are now considered. Looking again at Figure 3.20, 
it can be seen that inclusion of entrainment does not have a major effect on the neutral 
length scale, and that moderate instability still brings about a significant increase in Ae - 
However, the mid CBL values do appear to be rather smaller in the unstable runs with 
inversions than in those with lids, consistent with the earlier suggestion that entrainment 
tends to reduce the importance of large scale motions. The values o f Ag  in the upper CBL 
are subject to considerable statistical uncertainty, even after averaging of successive pro­
files (the six averaging periods used from simulation 127 gave values of A# at 0.6z,- ranging 
between 2.2zt- and 3.8zt). However the values of A# in the upper CBL in the moderately 
unstable simulations, do appear to be significantly larger than in the free convective sim­
ulation. This is presumably associated with the presence of large roll structures in these 
runs and it is interesting that a similar result was found by Moeng and Sullivan (1994).
3.4.6 Non-dimensional gradients
Monin-Obukhov similarity theory relates the mean gradients o f wind and temperature in 
the surface layer to the surface fluxes:
(3.7)
\ \ d z j  \ dz )  I kz
and
KZ
where 0* =  (wr8')0/u*. The non-dimensional gradients o f velocity and temperature, (f>m 
and <f>h, are functions of stability and have to be determined empirically. An accurate 
knowledge of these functions is o f vital importance as they are often prescribed to enable 
the calculation o f bulk transfer coefficients relating surface fluxes to mean gradients in
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numerical models. Furthermore, observed surface layer stability functions are often used 
to provide the stability dependence o f simple one-dimensional parametrizations o f the 
entire boundary layer.
Unfortunately, the determination of the stability functions, (j}m and <j)fn has proved to 
be difficult experimentally. Hogstrdm (1988) discusses some of the issues involved, and 
tabulates some widely used formulations. There has been much debate in the literature 
over questions such as the correct asymptotic form of the functions in the free convective 
limit, the value o f the Prandtl number (P r  =  4>h/</>m) *n neutral conditions and even the 
value of the von Karman ‘ constant’ (defined so that <j>m is unity in neutral conditions). 
k =  0.4 is now widely accepted, and Hogstrdm (1988) calculated revised forms for the 
results o f some previous experiments (most notably the Kansas experiment (Businger et 
al., 1971) which gave k  =  0.35). However, some have doubted the validity o f recalculating 
experimental results nearly twenty years after the event, and it is common, although 
strictly inconsistent, to use the stability functions of Businger et a l in conjunction 
with k =  0.4. Most authors have assumed that the Prandtl number is unity in neutral 
conditions, although, as pressure terms feature in the momentum but not the scalar 
budget equations, it is not clear that 4>h should be equal to / m. In fact, the Kansas value 
of (j>h cj 0.7 has found some support in the results of large-eddy simulations, and whilst 
noting the need for a continuing program o f experiments in the field, a discussion is now 
given o f what has been, and can he learnt from model results.
As discussed earlier, a large-eddy model aims to resolve much o f the boundary layer 
turbulence parametrizing only the smaller-scale ( ‘ subgrid’ ) eddies. In well resolved regions 
of the flow, such a model should be capable o f giving results which are relatively insensi­
tive to the subgrid model. For example, Mason and Derbyshire (1990) found a turbulent 
Prandtl number of around 0.7 in the interior o f a simulated neutral boundary layer using 
a constant subgrid Prandtl number o f 0.5, whilst Mason and Brown (1994) obtained a 
similar result using a subgrid value of 0.7. Obtaining information on the surface layer sim­
ilarity functions, and / / , ,  is more problematical as the characteristic scale o f turbulent 
eddies decreases close to the surface and so the turbulence is inevitably less well resolved
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0m
Figure 3.21: Profiles of </>m from the high resolution runs. The lines are dotted where the turbulent 
fluxes are less than two-thirds resolved.
in this region. Indeed, it has been usual to regard the level o f agreement between model 
results and observations in this region as a measure of the success o f the subgrid model. 
In this way, Mason and Thomson (1992) used the improved logarithmic profiles simulated 
in the neutral surface layer when using backscatter as evidence for the importance of 
modelling that process. Similarly, Brown et al. (1994) showed much greater success in 
reproducing observed surface layer non-dimensional gradients in stable conditions when 
using backscatter. Large-eddy model results for the behaviour of the stability functions 
in the convective surface layer are now presented.
The approach taken is to consider only points which are high enough for the turbulence 
to meet some arbitrary resolution criterion, whilst being low enough for surface layer 
theory to be judged applicable. These requirements are obviously conflicting, and a 
compromise is sought with reference to Figure 3.21 which shows profiles o f 4>m from 
the high resolution lid runs. There is an almost monotonic decrease in surface layer 
non-dimensional velocity gradients with increasing instability. Note, however, that <f>m 
increases significantly with height in the neutral simulation BNHR, and so it was decided
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Businger et a l : (j>m — ( 1  — 1 5 z / L )  174 , fa  — 0 . 7 4  ( 1  — 9z/L) 172
Dyer and Bradley : =  ( 1  — 2Sz/L)~1//4 , fa  =  ( 1  — 1 4 z / X )  1//2
Table 3.5: Stability functions of Businger et al. (1971) and Dyer and Bradley (1982).
not to consider data from above z/zi =  0.1 (where <f>m has a value o f around 1.35, compared 
to 1.0 for an exactly logarithmic profile). For the resolution criterion it was decided to 
demand that the total fluxes of momentum and heat should be at least two-thirds resolved. 
Figure 3.21 shows that this excludes a large fraction of the data for z j z,- <  0.1 (profiles 
are dotted where this criterion is not m et), but this is accepted in order to reduce the 
dependence of the results on the subgrid model.
Figure 3.22 shows the variation o f <f>m and fa  with z/L. Results are shown from both 
high and low resolution simulations, although the requirement that fluxes should be 2/3 
resolved excludes almost all o f the points from the low resolution runs. Also shown for 
comparison are the experimental results o f Businger et al. (1971) and Dyer and Bradley 
(1982) (see Table 3.5). These are chosen as giving a reasonable impression of the variation 
in experimental results, the expression o f Businger et al. having the weakest stability 
dependence of those tabulated by Hogstrom (1988), whilst that o f Dyer and Bradley has 
the strongest. Note that the original expressions of Businger et al. are being used in 
conjunction with k =  0.4, rather than the modified functions o f Hogstrom.
The agreement between the LES and experimental results is good. Arguably the reso­
lution criterion is not strict enough for these simulations to be regarded as an independent 
source of data and, as mentioned above, it is probably best to regard the agreement as 
evidence of successful operation o f the subgrid model. However, it does seem plausible 
that more powerful computers in years to come will enable simulations to be performed 
which are sufficiently well resolved in the surface layer to give independent information 
on the behaviour of </>m and fa .
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Figure 3.22: Non-dimensional gradients, 0m and 0ft, against z/L. Points plotted are from high and low 
resolution LES lid runs, where z < O.lz,- and fluxes are at least 2/3 resolved. Also shown for comparison 
are the results of Businger et al. (1971) and Dyer and Bradley (1982).
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Results have been presented from large-eddy simulations of the atmospheric boundary 
layer for a range of stabilities between neutral and free convective conditions. Results 
in the extreme cases have been shown to be in good agreement with observations, and 
relatively insensitive to resolution (see Section 3.1.3 for a more detailed summary of 
these results). In cases with both shear and buoyancy forcing, the flow fields show the 
expected changes with stability. Observational datasets showing changes in turbulence 
statistics with stability in this intermediate regime are scarce, hut those that have been 
used are broadly consistent with the LES results. The latter indicate that many statistics 
(e.g. (w'w'), (O'6') and skewness) continue to scale approximately convectively in mid 
boundary layer even in the presence of a considerable mean wind, with the change to an 
essentially neutral regime not occurring until —Zi/L is around 1. However the horizontal 
velocity variances are not found to scale similarly as shear production contributes directly 
to (u'u') leading to an increase over free convective values. There is little evidence for any 
abrupt changes in turbulence statistics associated with the formation of rolls, consistent 
with these structures being no more than an organized form of convection.
Entrainment does not appear to have a major impact on turbulence in the interior 
o f the near neutral boundary layer. In more convective conditions, lid and inversion run 
results in the lower half o f the boundary layer remain similar for most statistics (obvious 
exceptions are (u'u') and (v'v') which are larger at all levels in the lid runs). In the upper 
CBL the differences are more marked and can often be directly related to entrainment 
effects. For example it has been argued that the larger skewness values in the inversion 
runs result from updraughts losing most o f their energy when they impinge on the inversion 
and so inducing only a weak return flow.
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M ea n  structure o f the C B L  and its 
param etrization
Chapter 3 looked at the turbulence structure of the LES boundary layers, and showed 
it to be credible across a wide range of conditions, and relatively insensitive to model 
resolution. This chapter concentrates on the variation with stability o f the profiles o f the 
mean fields ({u }, (v ) and (0)) and fluxes ( (u'w ') ,  (v'w') and (w'8')) -  the quantities which 
are most immediately relevant for large-scale NW P and climate prediction models.
First o f all the LES results for the mean wind and temperature structure are presented, 
and their credibility is established by reference to the predictions o f a simple mixed layer 
model and observational results for various similarity coefficients. Then the ability of 
various simple closure models to reproduce the results o f the LES lid runs is examined. 
This approach is taken as it is argued that entrainment affects the mean profiles mainly 
indirectly through its effects on z,-. It is supported by the generally good agreement 
found between the mean profiles from the lid and inversion runs, given similar values of 
z,- and —Zi/L. It also provides a convenient way of testing the equilibrium performance of 
closure models against LES, as, with entrainment excluded, they too can be run to long 
time without problems associated with inversion rise. Factors affecting the entrainment
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rate are studied separately in Chapter 6.
Note that in cases where entrainment is particularly rapid (e.g. shallow unstable 
boundary layers in summer mornings), the direct effects o f entrainment on the boundary 
layer averaged momentum budget may be non-negligible (Garratt et al., 1982). However, 
in these cases the mean fields are likely to be highly non-stationary and so it is probably 
not useful to attempt to obtain any ‘equilibrium solution’ and any attempt to compare 
future LES results with closure model results for these conditions would have to consider 
the time evolution o f the fields.
4 , 1  V a r i a t i o n  o f  m e a n  w i n d  p r o f i l e s  w i t h  s t a b i l i t y
Figure 4.1 shows mean wind profiles from the low resolution lid runs (solid lines), which 
are in quasi-steady state after 100000 s. The neutral simulation shows significant shear 
throughout the boundary layer. However, with increasing instability, the velocity profiles 
rapidly become well mixed, with relatively little shear in the CBL interior. Interior values 
of (u)/u* decrease monotonically with increasing instability, while (v)/u* becomes close 
to zero for —z ,/L  £ 1.
Although this chapter concentrates on the results o f the lid runs, it is encouraging to 
note that the profiles from the low resolution inversion runs (shown dotted in Figure 4.1) 
show very similar behaviour. In particular, the (u)/u* profiles are very similar throughout 
most o f the boundary layer to those obtained at similar stabilities in the lid runs. The 
{v)/u* profiles also become well mixed, although they tend to show more shear than the 
lid run results in the upper CBL as the temperature inversion cannot sustain infinite shear 
at Z{.
The well mixed velocity profiles in the CBL are amenable to description using a simple 
mixed layer model. Sometimes (e.g. Garratt et al., 1982) these comprise three layers -  
a thin surface layer, a deep mixed layer and a transition or inversion layer. However it
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Figure 4.1: Mean wind profiles from low resolution lid runs, BNLR, M03, M09, M21, M35, M64 
and M134 (solid lines). The ai-axis is aligned with the surface stress. {«)/«* decreases monotonically 
with increasing instability between neutral (N) and more convective (C) conditions. (v)/u* is negative 
throughout most of the boundary layer in the most neutral runs, but becomes close to zero for —Zi/L > 1. 
Also shown for comparison are the profiles from low resolution inversion runs, IN, 103, 110, 127 and 177 
(dotted lines).
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is common practice to use a simplified two-layer model which assumes that the inversion 
layer is negligibly thin as in the lid runs.
W ith the «-axis aligned with the surface stress, it is assumed that the wind profile is 
given by
k (u )/u* =  In ( z f  zq) — 0  (z/L ) , z0 <  z <  z3 (4.1)
k (u)/u* =  1 n (z s/z0) — Tp(zs/ L ), zs <  z <  Z{ (4.2)
(v) = 0 ,  Zo <  z  <  Zi (4.3)
where z3 is the surface layer depth and 0 (z /2 /)  is a surface layer stability function, obtained
by integration of Equation (3.7) (Paulson, 1970). The model o f Garratt et al. uses
0  (zajL )  =  In ^ 1  +  x 2^  (1 -j- a:)2) — 2tan_1a; +  (tt/2 — In 8) (4*4)
with
*  =  l / K  =  (1 -  15 (4.5)
and za =  O.lz,-, although tests reveal that the results are relatively insensitive to changing 
the stability function and surface layer depth. As za <C z,, the mixed layer averaged wind, 
(■u )m, is approximately equal to (ii) at height za, and so
« {i i )m/ii* =  In (z s/zo) - f i ( z s/L) =  In (zi/z0) - y  {zi/L) (4.6)
tt{v)m/u *  =  0 (4.7)
where
V{zi/L) =  0(0 .1  Zi/L) +  2.3 (4.8)
Hence predictions can be made for the behaviour of the similarity coefficients, A m and 
B m, which are defined through
K,(u)m/u* =  In (zi/z0) - A m (4.9)
K(v)m/u* =  - B m (4.10)
Figure 4.2 shows the variation with stability o f A m and B m predicted by this model, 
and also some of the large-eddy model results. They are in good agreement for —Zi/L > 2.
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Figure 4.2: Variation of similarity coefficients, Am and Bm, with stability. Open squares : low resolution 
lid runs; closed squares : high resolution lid runs; crosses : inversion runs. The solid lines are the 
predictions of the mixed layer model described in the text.
The discrepancies for smaller values of —Zi/L are not surprising because the assumption 
o f well mixed velocity profiles is clearly erroneous in near neutral conditions.
The similarity coefficients, A m and f?m, are often used because they are relatively
insensitive to the effects o f non-stationarity, entrainment, subsidence and baroclinicity
(Garratt et al., 1982). However, they relate the surface stress to the mean mixed layer 
wind. The coefficients Ai and I?,-, which relate the surface stress to the surface geostrophic 
wind (regarded here as the external parameter), are defined through (e.g., Arya, 1975)
^  =  In ( J )  -  (4.11)
■fr* \Z0J
^ 2  =  _ B . (4 .12)
u *
Here ugo and vgQ are the surface geostrophic wind components. A,- and J5t- are functions 
o f the scale-height ratio, u*/ ( f z i ) ,  stability (Zi/L) and baroclinicity. In practice, these 
empirical coefficients are extremely difficult to determine directly from atmospheric data. 
In part this is due to the difficulty o f isolating the effects o f changes in scale-height ra­
tio from those of changes in stability and baroclinicity (see e.g. Grant and Whiteford, 
1987). Also, these coefficients are sensitive to non-stationarity, entrainment and subsi­
dence effects, as discussed hy Garratt et a l (1982). However, many of these difficulties
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TIME /  (1000s)
Figure 4.3: Variation of friction velocity, u*, with time for four of the low resolution lid runs.
are not relevant to model simulations. For example, the low resolution lid runs are not 
influenced by baroclinicity, entrainment or subsidence, and have been run to long time 
to reduce the effects o f non-stationarity. Figure 4.3 shows time series o f u* from four of 
these simulations, and confirms that, although the inertial oscillation causes u* to oscillate 
with period 27r/f (cx 63000 s), the fields appear close to achieving inertial equilibrium 
after 100000 s. The diagnosed values o f A,- and Bi are shown in Figure 4.4. In fact the 
plot shows (Bi — KU*/(fzi)) as vertical integration of the equations of motion, assuming 
stationarity and no entrainment fluxes at z,-, leads to
(« )» ug m
H
(4.13)
, (4.14)
u* U* fZi
where the subscript m  indicates an average over the mixed layer as before. Note that in 
the non-baroclinic case considered here, the geostrophic wind components are constant 
with height so that the mixed layer averaged values (e.g. ugm) are simply equal to the 
surface values. Hence Ai =  A m and (B{ — nu*/(fzi)) — Bm, and the similarity o f the 
LES results in Figures 4.4 and 4.2 gives further evidence o f the closeness o f the fields
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Figure 4.4: Variation of Ai and B{ — KU*/(fzi), with stability. Open squares : low resolution lid runs; 
closed squares : high resolution lid runs; crosses : inversion runs. The solid lines are the predictions 
of the mixed layer model assuming stationarity and no entrainment fluxes at z\ (i.e. A{ =  Am and 
B{ — Ku*/(fzi) ~  Bm). The dotted lines are the predictions of Arya (1977), assuming (u*/(/%■)) ~  4.
to steady state. As discussed above, observational results for the similarity coefficients, 
A{ and Pt, are very scattered and, in convective conditions, the predictions of mixed 
layer models are probably as representative as any. Therefore the agreement between 
the LES results and mixed layer model predictions shown in Figure 4.4 for —Zi/L £ 2 is 
encouraging. In more neutral conditions these models are not valid, but the LES results 
can be compared more directly with observations. Grant and Whiteford (1987) tabulated 
various published estimates of the Rossby A and B coefficients in neutral conditions. 
These can be related to Ai and Rt- using A,- = A — In(u*/(fzi)) and B{ = B. Thus, 
' /assuming u*/(fzi) cj 4 (which is broadly consistent with the LES), these estimates imply 
a range of values of A,- between around —1.4 and +1.0, and of {Bi~~ KU*/(fzi)) between 1.7 
and 3.5. These do^noi^  ^ the LES results (BNLR gives A,- = 0.8,
j(Bi — ku*/(f  Zi)) = 1.0), although the slightly smaller value of B{ from the LES implies a 
j surface ageostrophic angle a few degrees smaller than observed.
Finally the LES results are compared with the functions proposed hy Arya (1977), 
which are shown dotted in Figure 4.4. The agreement for Bi is generally good, but note
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that the functions of Arya predict values of A{ smaller than those given by the LES and 
the mixed layer model in convective conditions.
4 . 2  V a r i a t i o n  o f  t e m p e r a t u r e  p r o f i l e s  w i t h  s t a b i l i t y
Temperature profiles are commonly presented as non-dimensionalized differences from the 
surface temperature. However the LES surface temperature values are purely diagnostic. 
Temperature differences between the lowest interior grid point and the surface were di­
agnosed using Monin-Obukhov similarity with fa  =  (1 — 12z /L ) -1 2^ (Hogstrom, 1988). 
However, in view of evidence from these (and other) LES for fa  =  0.7 in neutral con­
ditions (see Chapter 3), these temperature differences were later reduced by 30%. This 
means that fa  =  0.7(1 — 12z/Lfa1^ 2 has effectively been used. Note that, for small z /L , 
this is close to the function of Businger et al. (1971) and in reasonable agreement with 
the interior LES results.
Figure 4.5 shows profiles o f [9 — 8q)/8*, (where Oo is the adjusted surface temperature 
and 9* =  (w ,0')q/u*) from the low resolution lid runs (solid lines). The profile labelled 
‘N ’ , shows the behaviour o f a passive scalar in simulation BNLR to give the neutral limit, 
and it shows significant gradient throughout the entire boundary layer. W ith increasing 
instability the potential temperature profiles rapidly become well mixed throughout most 
o f the mixed layer. Interestingly, the unstable runs actually show slightly stable profiles 
in the upper CBL. It has been suggested that this can only be caused by entrainment, but 
note that Deardorff (1972a) and Krettenauer and Schumann (1992) found similar results 
in their convective runs using rigid lids. Nevertheless, the inversion runs (dotted) show 
that entrainment of warm air from aloft does lead to enhanced gradients, particularly 
above about 0.8z,-.
Figure 4.6 shows high and low resolution lid  run predictions for the sim ilarity coefficient
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Figure 4.5: Dimensionless potential temperature profiles from low resolution lid runs BNLR, M03, M09, 
M21, M35, M64 and M134 (solid lines). In the boundary layer interior there is a monotonic decrease 
of (6 — 9q)/9* with increasing instability between neutral (N) and more convective (G) conditions. In 
mid boundary layer the profiles from inversion runs IN, 103, 110, 127 and 177 (dotted lines) also show a 
monotonic decrease of (9 — 9q)/9* with increasing instability.
Ci, which is defined through
[■*(£)-«] <“ 5> 
where (6 fa  is the potential temperature at the top of the mixed layer, faw  is the neutral 
value o f fa  (=  0.7 to be consistent with that used in the surface temperature diagnosis) 
and ZQt is the roughness length for temperature (=  0.01 m ). Ci increases from around 
— 1 in neutral conditions to cx 3 at —z ,/L  =  2, and then shows only a slow increase with 
further increase in —z ,/L . Values o f C{ for the inversion runs are not shown as the results 
are sensitive to the height used for (9 fa  due to the increase o f (9) towards the inversion 
which is caused by entrainment and does not scale with 9*.
For comparison, the predictions of a simple mixed layer model are also shown (solid 
line). This assumes that the potential temperature is constant above O.lz,-, and that 
below this height the non-dimensional gradient is given by fa  — 0.7(1 — 9 z /L fa 1^ 2. The
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Figure 4.6: Variation with stability of similarity coefficient C*. Open squares : low resolution lid runs; 
closed squares : high resolution lid runs; solid line : mixed layer model; dotted line : Arya (1977); dashed 
line : Arya (1977), adjusted to be consistent with <phN = 0.7.
agreement with. LES is good for —Zi/L > 2. Note however that much o f the temperature 
difference, {9 — #o)/0*, in the LES runs occurs between the lowest interior grid level and 
the surface (~  70% for M21, 80% for M134), so this agreement is dependent upon using 
a stability function in the mixed layer model broadly consistent with that used in the 
large-eddy model lower boundary condition (in particular 0>/,^  =  0.7.) The dotted lines is 
the curve proposed by Arya (1977) and shows consistently higher values of C{. However 
it was calculated using fa x  =  1.0, and using this value in Equation (4.15) the Arya 
predictions for the variation of {9 — 9q) / wi th stability can be calculated. From these 
adjusted values of C , can he diagnosed using (4.15) with fa n  =  0.7. The results o f this 
procedure are shown in Figure 4.6 (dashed line) and can be seen to be in fair agreement 
with the LES results.
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4 . 3  C o m p a r i s o n  o f  L E S  a n d  c l o s u r e  m o d e l  r e s u l t s
The LES results are now used to assess the performance o f various one-dimensional 
parametrization schemes which could be used in large-scale N W P and climate models. 
Obviously a scheme should produce good results for given test cases, but it must also be 
robust and computationally inexpensive. This last requirement precludes the use o f many 
high order closure schemes developed for boundary layer studies.
One possibility is to use a bulk model which assumes a boundary layer structure below 
Z{. For example, mixed layer models can perform well in convective conditions by directly 
incorporating our knowledge of boundary layer structure. Also, their performance is 
not adversely affected by the limited vertical resolution which can be used in large-scale 
models. Nevertheless, there are major disadvantages with bulk methods of boundary layer 
parametrization. Different structures have to be assumed for all the different boundary 
layer types -  for example, it has been shown that a simple mixed layer model does not 
perform well in neutral conditions. Also, it is necessary to use uncertain prognostic 
equations for the boundary layer depth. For these reasons almost all NW P and climate 
models use closures which attempt to parametrize the fluxes on a finite difference grid.
The equations which have to be solved are as follows
d(u) diu'w')
=  (4.16)
9 ^ = - f { u - U g)- dJ ^ l  (4.17)
dt J dz
d{0) d(w'Or)
(4.18)
dt dz
where (u'w'), (v'w') and (v'O') are the fluxes which need to be parametrized. Note that 
although 9 is the only scalar considered, it is usual to parametrize the fluxes o f all scalars 
in similar ways, so the results for temperature are also relevant to the parametrization of 
other scalar fluxes, notably that o f humidity.
The tests performed compare the equilibrium performance o f different closure schemes 
with the results o f the low resolution lid runs (which themselves are close to equilibrium).
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Figure 4.7*. Variation of «*, and a0> with stability for a constant geostrophic windspeed (G) of 10 ms-1, 
with Z{ ~  1000 m and Zq =  0.1 m. Open squares : LES results; solid lines : mixed layer model predictions.
The various closure models described in this chapter were set up to be driven by imposed 
geostrophic wind and surface heat flux, and with the fluxes at Z{ set to zero, in order 
to be directly comparable with the large-eddy simulations. All used Monin-Obukhov 
similarity to provide the no-slip lower boundary condition (with 0>m =  (1 — 16z/L )~1//4, 
4>h =  {1 — 1 2 z /L )-1 2^, Zq =  0.1 m and zot =  0.1 m). Unless otherwise stated, they were 
run with 40 points in the vertical, and for 240000 seconds to ensure equilibrium was 
reached.
Clearly the results could be presented by comparing LES and closure model predictions 
for the similarity coefficients, Ai and B{. However, it was decided to compare values of u* 
and ao (related to A; and B{ through Equations 4.11 and 4.12), as they are more directly 
relevant both for forecasting boundary layer winds and for synoptic scale development (£ac/, 
the time scale for filling o f low pressure systems through Ekman pumping, is inversely 
proportional to u2cosao, as explained in Chapter 1). Figure 4.7 shows the LES results 
which the simpler models will be compared against. Note that u* shows a sharp increase 
as —Zi/L increases from zero, but the ageostrophic angle does not show nearly such a 
marked change with stability. The slight decrease in ao between simulations M03 and 
M09 is probably related to the change in domain size and is not thought to be a real
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effect. For comparison, Figure 4.7 also shows the predictions of the mixed layer model 
(solid lines). These are obtained by taking Equations (4.6), (4.7), (4.13) and (4.14), and 
rearranging to obtain
' f - K S - ' M w )  “-1”
This can be solved iteratively for u*. a 0 can then be obtained by calculating vgo using 
Equation (4.12), and noting that s in a0 =  —vgo/G.
The ability of the closure models to model correctly the boundary layer wind profiles 
which are an important forecast product will also be discussed. For temperature, the flux 
profiles are effectively imposed by the boundary conditions in equilibrium (i.e. conditions 
of uniform heating), but the temperature gradients across the boundary layer are of 
interest. This is because errors in temperature (and humidity) profiles may lead to poor 
forecasts o f boundary layer clouds. In turn this will lead to errors in the modelled radiative 
fluxes which may be very significant, particularly in a climate model. Once again the 
results could be presented in terms of similarity coefficients (Ci in this case), but it was 
decided that the potential significance o f any discrepancy between the LES and closure 
model results could be assessed more easily by looking directly at the temperature profiles.
It is believed that the LES results are credible, and suitable for evaluation of the 
performance of closure models. However, even if they were ‘perfect’ in some sense, it 
is worth asking how precisely a parametrization should seek to reproduce them. This 
is because the errors introduced by the closure may be less significant in practice than 
those associated with uncertainties in quantities such as zq and zt- which are imposed in 
the simulations. For example, Annex 4.A.1 suggests that the errors in u* associated with 
uncertainties in choosing the most appropriate values of z0 are o f order 5 or 10 per cent. 
Hence the benefits o f trying to improve on a closure model which gave errors in u*, for 
given Zo, o f only 1 or 2 per cent are likely to be small. Conversely, errors o f 5 or 10 per cent 
probably are significant and deserving of attention. Annex 4.A .2 attempts to ascertain 
the sensitivity o f u* to z,-, which might be in error due to poor representation of surface 
and entrainment fluxes, or to poor vertical resolution. At least in convective conditions, 
it is found that, other than for shallow boundary layers, the sensitivity is relatively weak.
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It is more difficult to quantify the importance of errors in the temperature (and humidity) 
profiles, but it is stressed again that realistic simulation o f clouds is o f vital importance, so 
any improvement in mean temperature (and humidity) structure is potentially significant.
4 . 4  C B L  p a r a m e t r i z a t i o n  : m i x i n g  l e n g t h  m o d e l s
The starting point for many low-order closure models is to relate the turbulent shear 
stress to the mean velocity gradient using a turbulent viscosity, K m:
(u'w1) =  - K m% A  (4.20)
! » V )  =  (4.21)
Similarly the heat flux is related to the temperature gradient through
(w 'Sj =  - K (4.22)
where K k is the diffusivity. The viscosity and diffusivity have to be expressed in terms of
known or calculable quantities. The mixing length approach writes the viscosity as the
product o f a turbulent length scale, Im -, and velocity scale, Im  |<9{u)/fo|, i.e.
S(u)
Km = l2M
dz
(4.23)
The mixing length, Im , is prescribed algebraically and will typically be related to height, 
boundary layer depth and the local stability. Often (e.g. Louis, 1979) l2M is written as the 
product o f the square of a basic mixing length, \m , and a function of stability, Fm{R i)
i.e.
Iff =  (4.24)
The diffusivity is set equal to the viscosity divided by a Prandtl number (P r ) which is 
itself a function of stability
K — — K ( a oe\
h~  Pr~ Km Fm(M )( 25)
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The UK Meteorological Office Unified Model boundary layer scheme (Smith, 1993) 
uses a mixing length scheme of this type. In unstable conditions (R i <  0), the stability 
functions are set so as to be broadly consistent with observations in the atmospheric 
surface layer
Fm =  1 -----------------—  TE (4-26)
l  +  (gm/em) ( - R i ) - 1/2
Fh =  1 ---------------- ^ --------- (4.27)
1 +  (gm/eh) ( - R i ) - 1/2
where gm =  10, em =  4 and e* =  25. In stable conditions the scheme uses
(U 8 )
The basic length scale, Am  is written
1 1 1  T — -  I (4.29)
aM0
Note that the Smagorinsky subgrid model used in the large-eddy simulations is a 3- 
dimensional version of this model. However, whereas the length scale Ao is associated
with the filter-scale in large-eddy modelling, Amo is associated here with the size o f the
turbulent eddies, and is therefore related to the boundary layer depth, z,- through
Aa/o — P zi (4.30)
The present scheme uses (3 — 0.15, although tests using other values will also be described.
4 .4 .1  Perform ance in neutral conditions
Equations (4.20) and (4.21) imply that the local stress is parallel to the local shear. This 
is 'expected be the case in neutral conditions when the transport terms in the budget 
equations for the second order moments are small (Grant, 1992). The first plot in Fig­
ure 4.8 shows the angles o f the mean wind, mean shear and turbulent stress relative to 
the geostrophic wind direction for simulation BNLR, and confirms that the stress is in­
deed closely parallel to the shear. The second plot shows a profile of the neutral mixing 
length, Xm  (=  h f)i  diagnosed using (4.20) and (4.23). Its variation can be seen to be well
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Figure 4.8: Results from neutral simulation, BNLR. The first plot shows the variation with height of 
the directions of the mean wind (VEL), mean shear and stress. Positive values indicate anticlockwise 
rotation relative to the geostrophic wind. The second plot shows the diagnosed length scale, Aa//z,-, and 
three possible parametrizations of that length scale using 1/Am =  l/(/3z») + 1 /(kz)  with fi =  0.09, 0.15 
and 0.33.
represented by Equation (4.29) with a value of fi o f 0.15, as used in the Meteorological 
Office model.
Having found that the mixing length model assumptions are well supported by diag­
nostic analysis o f LES simulation BNLR, it is expected that a run o f such a model should 
produce velocity and stress profiles similar to those from LES given the same external 
forcing. Figure 4.9 confirms that this is the case, showing that the equilibrium velocity 
and stress profiles from the mixing length model with fi ~  0.15 are in excellent agreement 
with those from the large-eddy simulation. Increasing (decreasing) the value of fi causes 
the velocity profiles to become more (less) uniform, with some increase (decrease) in the 
surface stress.
O f course, many practical models will have much poorer vertical resolution. For exam­
ple, the mesoscale version of the Meteorological Office Unified Model (used for forecasting 
weather over the British Isles) has nine grid points below 1000 m, while the global version 
has only four. Hence it is important to assess the sensitivity o f the results both to changes
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Figure 4.9: Velocity and stress profiles in neutral conditions with G =  10 ms-1 , zt- =  1000 m and 
z0 — 0.1 m. Results are shown from large-eddy simulation BNLR, and from the mixing length model 
described in the text with (3 =  0.09, 0.15 and 0.33. Note that the dashed profiles (/3 =  0.15) are very 
similar to the solid profiles (LES) so that they are indistinguishable in some places. The s-axis is aligned 
with the geostrophic wind.
in the closure and to changes in the model resolution. Table 4.1 shows values of u* and a 0 
predicted by the mixing length model when run using four different values of (3 and with 
four different numbers of grid points (the values from the corresponding large-eddy simu­
lation (BN LR) are u* =  0.45 ms-1 and a 0 =  18°). Encouragingly the predicted values are 
not particularly sensitive to resolution -  changing from 1000 points to 4 points leads to 
only a 2% change in u* (for the same inversion height) which is probably not significant 
compared to other uncertainties, although in practice there are also likely to be larger 
errors in the modelled inversion height when using coarse resolution. The sensitivity o f u* 
to the asymptotic length scale Amo (=  Pzi) is potentially more significant, although even 
here the use of any value between 0.09zt- and 0.33zt- leads to a predicted u* value within 
6% of that from the LES.
Finally note that the behaviour of a passive scalar in simulation BNLR indicates a 
Prandtl number of around 0.7 throughout most o f the neutral boundary layer. This is 
consistent with the results o f earlier large-eddy simulations (e.g. Mason and Brown, 1994), 
but smaller than the usually quoted value of 1 (see Chapter 3). Although the adoption of
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p 1000 points 40 points 9 points 4 points
0.05 0.391 0.395 0.404 0.424
(22.2) (22.0) (21.1) (19.6)
0.09 0.418 0.421 0.427 0.438
(18.8) (18.5) (17.6) (16.3)
0.15 0.441 0.444 0.447 0.451
(17.3) (17.0) (16.1) (14.9)
0.33 0.466 0.468 0.468 0.467
(16.6) (16.3) (15.5) (14.4)
Table 4.1: Values of u* (in ms-1 ) predicted by the mixing length model in neutral conditions for 
G =  10 ms-1 , Z{ =  1000 m, Zq =  0,1 m. Also shown, in parentheses, are values of (in degrees). 
Results are presented for four different values of fi, and with various numbers of grid points.
P r  =  0.7 (implying Fk — 1.4) in near neutral conditions would not have a major impact on 
the temperature structure (as the heat fluxes would remain small), it is common practice 
to use a diffusivity o f water vapour equal to that o f heat and so the transport o f moisture 
would be affected (increased flux for the same gradient).
4.4.2 Performance in convective conditions
It has been shown that a simple mixing length model can perform well in neutral con­
ditions. However, the success o f mixed layer models provides a warning that the mixing 
length approach must run into difficulties in convective conditions, for linear flux profiles 
with zero mean gradients could only be achieved through the use o f infinite viscosity 
and diffusivity. In fact, if profiles o f K rn and K k are diagnosed from the more convec­
tive LES runs, then they are found to pass through ± o o  and become negative in the 
upper part o f the CBL where the fluxes are counter-gradient. Clearly then, the mixing 
length parametrization, which can only represent down-gradient fluxes using viscosity and 
diffusivity which are specified in terms of a geometric length scale and the local stabil­
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0.8
Figure 4.10: Variation of m*, and cto, with stability for a constant geostrophic windspeed (G) of 10 ms-1 , 
with Z{ — 1000 m and z0 =  0.1 m. Results are shown from the mixing length model with three values of 
j3, and also from the LES (open squares) and the mixed layer model (solid lines).
ity, is not going to be able to accurately reproduce the LES results. However, it is not 
clear whether the discrepancies are significant and, if so, whether other models perform 
sufficiently better to justify any additional computational cost.
The mixing length model described above was run to equilibrium with G — 10 ms-1 , 
— 1000 m, zo =  0.1 m and a variety o f different values of surface heat flux. The 40 
grid points were distributed non-uniformly so that the mesh spacing was cz. 4 m at the 
surface, increasing to 30 m in the boundary layer interior. This was done so that the 
results were relatively insensitive to the stability dependence of the lower boundary con­
dition, and more dependent on the interior turbulence parametrization. Tests in neutral 
conditions showed that the slow stretching (<  10% change in spacing per grid point) 
caused no degradation o f the results. Figure 4.10 shows the variation with stability of 
u* and ao predicted by this model with three values of (3, and also the LES and mixed 
layer model results. The mixing length model correctly predicts increases in surface stress 
and ageostrophic angle as —Zi/L increases, but the rates o f increase are too small -  for 
(w'6r)o =  0.3 Kms-1 the mixing length model with fi =  0.15 predicts u* =  0.59 ms-1 
and ao =  22°, while the mixed layer model gives 0.65 ms-1 and 25° and the LES gives
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0.67 ms-1 and 26°. This behaviour can be understood by reference to Figure 4.11 which 
shows LES and mixing length model results for the profiles o f (u ) and {v ), and the fluxes 
(u'w ') and (v'wr) . The mixing length model shows velocity profiles which are insufficiently 
well mixed, as it requires a velocity gradient to produce the stress needed to balance the 
geostrophic departure (Equations (4.16) and (4.17)). The errors are most marked in the 
upper CBL, and the wind close to the surface is predicted with errors o f around 8% in 
the speed, and of only a few degrees in the direction, which may be adequate for most 
forecasting purposes. Nevertheless, u* controls the boundary layer cross-isobaric flow 
and thus affects large-scale development (see Chapter 1), and an 8% underestimate is 
potentially significant compared with other uncertainties. Accurate wind forecasts are 
probably most important in strong wind conditions, such as when a deep Atlantic low 
pressure system approaches the British Isles. Strong winds will usually he associated 
with relatively small values of — Z{/L, particularly over the ocean where heat fluxes tend 
to be small (while 0.3 Kms” 1 might be observed over Britain in summer, fluxes over the 
Atlantic will typically be an order o f magnitude smaller). Therefore, while a compari­
son between LES and mixing length model results has been shown for —Zi/L ~  14, it is 
important to realize that comparable fractional errors in u* are found for all —ZijL  > 1. 
Similar discrepancies between mixed layer and mixing length model predictions were also 
found for Z{ =  600 m, and only slightly smaller differences for Z{ =  2000 m, suggesting 
that the mixing length model performance is not strongly dependent on boundary layer 
depth. Further tests suggested that the results remain largely independent o f resolution, 
for the same boundary layer depth -  4 points evenly spaced with (w'O')o =  0.3 Kms” 1 
and (3 =  0.15 gave u* =  0.60 ms” 1, only 0.01 ms” 1 greater than the value obtained using 
40 points.
Figure 4.11 also shows LES and mixing length model results for the mean temperature 
profile and heat flux. Note that the temperatures have been adjusted to be the same 
at 0.02a;,• rather than at the surface to remove differences resulting from the different 
boundary condition formulations used by the two models (different ZQt). In order to 
achieve a linear flux profile (which is necessary for uniform boundary layer heating), {9)
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Figure 4.11: Mean profiles and fluxes from convective large-eddy simulation M134, and attempts to 
reproduce them using the mixing length model described in the text.
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in the mixing length model has to decrease with height throughout the CBL. This is in 
contrast to the LES profile which shows an almost constant value in the boundary layer 
interior, and actually increases slightly with height in the upper part o f the CBL where
the flux is counter-gradient. The net result is that the temperature difference predicted
a.
between 0.0$ z,- and z,- by the closure model is o f order 1 K too large (actually 0.7 K for 
j3 — 0.15). W ith smaller heat fluxes the error in the temperature difference tends to be 
reduced, as smaller temperature gradients are required to produce the smaller fluxes (in 
the unstable limit, jF), oc ( —R i)1/2 and it can be shown that (d(0)/dz) oc (w'9')2^ 3). Thus 
errors in the temperature profiles resulting from the use o f mixing length closures will not 
usually be large, although they may be significant if the cold bias in the upper boundary 
layer is sufficient to cause condensation which would not otherwise have occurred. In fact 
the situation tends to be more complicated than this, as humidity profiles also tend to 
be insufficiently well mixed. This often leads to excessive amounts o f low cloud in models 
which use a local mixing length formulation (Holtslag and Boville, 1993).
It is possible that the results might be improved by making changes to the stability 
dependence of the functions Fm and Fk. Indeed, a run with j3 — 0.15, and em in Equation 
(4.26) arbitrarily changed to 10, gave u* =  0.65 ms-1 for (w'9f)o =  0.3 K m s"1, in good 
agreement with the mixed layer model prediction. This had relatively little effect on the 
temperature profile, so additionally, ek in Equation (4.27) was increased to 62.5 (a factor 
o f 2.5 increase as with em). As expected, this led to a slightly improved temperature 
profile (~  20% reduction in A {$ ) across the boundary layer), but only at the cost of 
making the wind profiles less well mixed once again (u* reduced to 0.63 ms-1 ). This 
highlights the fundamental problem with models o f this type, namely that the results are 
sensitive to local values of Richardson number, while the stability o f the CBL is better 
characterized through some bulk measure such as — z ,/L . It might be possible to produce 
better results in any given case by further arbitrary tuning of Fm and Fk, but it seems 
unlikely that they would be robust given their very weak physical basis. Also, the use of 
stability functions inconsistent with those observed in the atmospheric surface layer and 
used in the model lower boundary condition might degrade the near surface results in a
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high resolution run and also lead to increased sensitivity to resolution. If a more accurate 
parametrization o f the CBL is sought, then it is seems likely to be more profitable to look 
at other types o f model rather than to continue with further tuning o f the local mixing 
length model.
Finally note that while (3 =  0.15 appears most successful in neutral conditions, slightly 
better results are obtained in convective conditions when using (3 =  0.33. This is because 
larger viscosities and diffusivities are obtained for given gradients when using the larger 
basic length scale. This is the first suggestion that it might be better to make the mixing 
length, I Mi sensitive to a non-local measure o f stability (e.g. —z,/L) rather than to the 
local Richardson number. Non-local models will be discussed in Section 4.6.
4 . 5  C B L  p a r a m e t r i z a t i o n  : T K E  m o d e l s
The next level o f complexity is the TK E model, or l|  order closure as it is commonly 
known. In TK E models, the turbulent diffusivities are related to the TKE, for which a 
prognostic equation is carried. Such models have been widely used, both for boundary 
layer modelling (e.g. Therry and Lacarrere, 1983; Schilling, 1991) and in general circula­
tion models (e.g. Myakoda and Sirutis, 1977). Many attempt to allow for some non-local 
effects by incorporation o f counter-gradient fluxes of scalars and by careful choice o f length 
scales (e.g. the model o f Therry and Lacarrere (1983) which is discussed in the next sec­
tion). However, the present section concentrates on the simplest possible TK E model, 
where the fluxes are all down-gradient and stability effects are incorporated by relating 
the length scale to the local stability.
Equations (4.20), (4.21) and (4.22) are still used to relate the fluxes to the mean 
gradients, but the velocity scale is taken to be proportional to the square root o f the 
turbulent kinetic energy, (E ), and so
K m = CklTi(E)1/2 (4.31)
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where Iti is a length scale. The following prognostic equation for energy is carried
=  - J j w ' E ' + w'P'/Pr) -  ( » v > ^  -  V w') 8- j r + -  a  (4 -32)
with the following closure assumptions
(w'E' + w'p'/pr) = I (m 0 {E ) (4.33)
(4.34)
(4.35)
<te dz 
(*) =  C 3k( E f 2/lT2
K h =  K
where Ck is the stress-energy ratio, P r  is the Prandtl number as before, <rp can be thought 
o f as a Prandtl number for diffusion o f energy, and I t2 is a dissipation length scale.
Note that this model attempts to take some account of non-local effects hy inclusion of 
a simple parametrization of the transport term in the prognostic equation for E . In order 
to be able to make a direct comparison with the results o f the mixing length model the 
two formulations need to be made identical in the steady state when this term is set equal 
to zero. Hence, assuming local balance between production and dissipation of energy
(e) =  K „
8 {u)
dz
(1 -  R f) (4.36)
where R f  is the flux Richardson number defined through
i i ) W )
R f  = (u'w')^L
Eliminating (e) and (E ) (using (4.34) and (4.31)) leads to
(4.37)
d( u)
dz
(1 -  R f ) 1/2K m =  ( lr i3',2<T21/'2)
Looking for consistency with Equation (4.23), this leads to
hi — tyi3^ T21/,4(l — R f) 1^
(4.38)
(4.39)
Hence, taking the simplest possible model in which =  1^ 2 — It , It  is se* equal to 
ZM/ (  1 -  -R /)1/4, where Im  is defined as in the mixing length model to be a function 
of height and local stability (Equations (4.24), (4.26), (4.29) and (4.30)). The Prandtl
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TKE BUDGET TKE BUDGET
Figure 4.12: Turbulence kinetic energy budgets for simulation M l34 and for TKE model given the same 
forcing. All terms axe normalized by (w3/z #). Solid lines : shear production; dotted lines : dissipation; 
dashed lines : total transport; dot-dash lines : buoyancy production.
number is set equal to Fh/Fm as before. This model was run (with (7| =  0.25, <7^  =  1.0) 
in the same way as the mixing length model in an attempt to reproduce the LES results.
In neutral conditions, both the LES and TK E model show an almost exact balance 
between shear production and dissipation o f energy and so, as expected, the equilibrium 
wind profiles from the closure model are almost identical to those from the mixing length 
model and LES. In convective conditions the TK E model profiles remain almost identical 
to those from the mixing length model, suggesting that the inclusion of the transport 
term in Equation (4.32) is having little effect. Figure 4.12 shows the energy budgets from 
convective simulation M134 and from the TK E model run with (w'6')0 =  0.3 Kms-1 , 
and although they are broadly similar, it is clear that the magnitude of the transport 
term is underestimated by the TK E model. Accordingly, a test simulation was performed 
in which <7# was arbitrarily reduced to 0.1 (i.e. eddy coefficient for energy transfer ten 
times greater than that for momentum). This had the effect o f making the energy budget 
more similar to that from LES, but made the TK E profile almost uniform with height 
which is probably less realistic as although (u'u1) and (v'v1) may be roughly constant in 
the CBL, (w'w') shows a maximum in mid boundary layer (see Chapter 3). Clearly more
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sophisticated closures could be used for the energy transport term (e.g. a counter-gradient 
correction as described in the next section) but already there is an indication that this 
may not be important as the mean fields from this test simulation remained very similar 
to those from the mixing length model. This is presumably because K m and K k are 
far more sensitive to the parametrization o f the length scale, Zy, than they are to the 
parametrization of the energy equation (as K m depends only on the square root o f the 
energy). TK E models will be studied again in the next section on non-local models.
4 . 6  C B L  p a r a m e t r i z a t i o n  : N o n - l o c a l  m o d e l s
As described above, stability dependent mixing length models are highly sensitive to small 
changes in mean profiles, through the dependence of the diffusivities on local Richardson 
number. This section examines the performance of two classes o f models in which K m 
and Kh are related to some non-local measure of stability. The first class calculates Km 
in terms of the TK E (as in Section 4.5), but with the length scales Zjq and Zy2 defined 
using a non-local measure of stability. In the second class o f model, the eddy coefficients 
are prescribed directly as functions of z/z,- and the boundary layer stability.
Once the viscosity and diffusivity profiles are determined non-locally, the equilibrium 
solutions for the mean wind and temperature profiles are to a much greater extent decou­
pled from one another -  a small change in the mean temperature gradient at any given 
level will no longer have a large direct impact on the wind profiles as K m is no longer 
sensitive to local Richardson number. Moreover, it is now possible to introduce some mod­
ifications to the heat flux formulation to allow upward heat flux even with slightly stable 
local temperature gradient, as occurs in the upper CBL. This should alleviate some of the 
errors in the temperature profiles obtained using the mixing length model where unstable 
gradients are required at all heights to allow an upward flux. Accordingly, Equation (4.22) 
is replaced with
(w'O1) =  - K h ( ^  -  7c)  (4.40)
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where j c is the counter-gradient term. This form was derived by Deardorff (1972b) by 
neglecting the transport term in the heat flux budget. More recently, Holtslag and Moeng 
(1991) applied a different set o f closure assumptions (based partly on LES) to the heat 
flux equation and obtained the same form although the physical interpretation is different 
as their counter-gradient term results from the third-moment transport effect (while that 
o f Deardorff comes from the buoyancy production term).
Although many models have adopted the use of a counter-gradient term for heat (and 
humidity) transport (e.g. Therry and Lacarrere, 1983; Troen and Mahrt, 1986; Holtslag 
and Boville, 1993), almost all have continued to use (4.20) and (4.21) for the momentum 
fluxes without counter-gradient correction. In part this is due to the scarcity o f data 
of suitable quality for developing and testing a model incorporating such a correction, 
although Troen and Mahrt (1986) argued that counter-gradient transports o f momentum 
are less significant than those of heat, as pressure effects make the transport o f momentum 
over large distances by thermals relatively inefficient. Also, Therry and Lacarrere (1983), 
performed a similar analysis on the momentum flux budget to that performed by Deardorff 
(1972b) and Holtslag and Moeng (1991) on the heat flux budget. Although the transport 
term is not negligible in convective conditions, a third order closure model suggested that 
the buoyancy production term is o f opposite sign but of roughly equivalent magnitude. 
Accordingly both terms were neglected simultaneously, leading to flux parametrizations 
o f the form given in Equations (4.20) and (4.21).
4.6.1 Non-local TKE models
The model o f Therry and Lacarrere (1983) is now examined as an example o f a model 
which attempts to improve upon the performance of the basic TK E model. It can be 
difficult to ascertain whether differences between the performance of different models are 
fundamentally related to the type o f closure, or are simply related to the particular choice 
o f closure coefficients used (Cuxart et a l, 1994). Accordingly results are presented from 
the full model o f Therry and Lacarrere (1983) using the coefficients proposed by the
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authors, and also from some tests which attempt to ascertain whether the carrying of 
energy and use of the counter-gradient correction have a significant impact on the mean 
fields.
Full details of the model can be found in Therry and Lacarrere (1983), and only a brief 
summary of the main differences from the basic TK E model (described in Section 4.5) is 
given here. The length scale Zyi is given by
1 1 Ci ( 1
—  = -------1--------- ( --------------1--I .m i.m 2 +  —  (4.41)
Iti KZ Zi \KZ Zi J I a
where
m i =  1 / (1 +  C3Zi/ ( nz )) (4.42)
f 1 / ( 1 - C4£ / * )  for L < 0
}  0 for L >  0 '
1 / ,  J °  for local 9 (0 )/dz <  0
’  \ { (9 /{9r »  (9 (6 )[d z )  /  (E ) ) 1' 2 for local 9 (6 )/dz > 0  V ' ’
and <7i_s are empirical constants based on atmospheric observations. Note that in the
unstable cases considered in this study, the last term is usually negligible (although not 
exactly zero in the upper CBL where the use of the counter-gradient term enables the 
model to sustain an upward heat flux even for 3 (0 )/dz >  0). Thus the length scale is 
sensitive to stability through the value of z ,/L  (in the definition o f m 2), but not dependent 
on local stability. The same form is used in the definition of the dissipation length scale, 
I t2, but with different values for the empirical constants.
Equation (4.40) is used to parametrize the heat flux, with K k calculated from K m 
using a constant Prandtl number o f 0.77, and the counter-gradient correction term, qc 
given by
7C =  b(w'0')o/ (w*zi) (4.45)
for (w'O')o >  0. This has the desirable property of vanishing in neutral conditions when 
(w'6')o =  0. The parametrization (4.33) o f the transport term in the energy Equation 
(4.32), is also replaced by one incorporating a counter-gradient correction.
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Figure 4.13: Variation of-a*, and <*0, with stability fox a constant geostrophic windspeed (G) of 10 ms-1, 
with Z{ — 1000 m and zq — 0.1 m. Results are shown from the model of Therry and Lacarrere (TL) and 
the mixing length model (ML) with fi — 0.15. The squares are the LES results and the solid lines are the 
mixed layer model predictions as before.
Figure 4.13 shows the equilibrium values of U* and a 0 predicted by this model (T L ), for 
G — 10 ms-1 , Zi =  1000 m, Zq =  0.1 m, using 40 grid points as before. The behaviour can 
be seen to be quite different from that o f the mixing length model. In neutral conditions, 
this model predicts a value of u* rather low compared to the mixing length model (and 
LES), but the sharper increase in u* with increasing — Z{/L is more reminiscent o f the LES 
results. In highly convective conditions, this model gives values o f u* (and ao) rather high 
relative to the LES and mixed layer model predictions, while the mixing length model 
gives lower values.
The behaviour in neutral conditions is easily understood. The transport term in the 
energy equation is negligible and so local production is equal to local dissipation and 
Equation (4.38) is valid. Setting R f  — 0 and substituting for Zyi and It 2 leads to
Km = (  f  — +
l.067z,/ j$
9 (u )
Qz
(4.46)
.KZ 0.
This is exactly the same as the viscosity given by the mixing length model with fi =  0.067 
(see Equations (4.23), (4.24), (4.26), (4.29) and (4.30)). Thus the differences between the 
Therry and Lacarrere and mixing length model results for mean wind profiles in neutral
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Figure 4.14: Mean profiles from convective large-eddy simulation M134, and attempts to reproduce 
them using the mixing length model (ML) with (3 =  0.15, and the model of Therry and Lacarrere (TL). 
The profiles labelled TL2 are from a test simulation of the Therry and Lacarrere model, as described in 
the text. Note that the velocity profiles which are almost indistinguishable are those from TL and TL2.
conditions are due to the particular choice o f constants used rather than to the different 
closures.
Figure 4.14 shows mean wind and temperature profiles from the LES, mixing length 
and non-local TK E model for the case with (w'6')o =  0.3 Kms” 1. Both closure models 
predict wind profiles which show too much shear in the boundary layer, and the dis­
crepancies between the results o f each model and the LES are o f roughly comparable 
magnitude. Nevertheless, the LES temperature profile is much better reproduced by the 
non-local model due to the inclusion of the counter-gradient term.
Therry and Lacarrere (1983) commented that removal o f the counter-gradient correc­
tion in the parametrization of the transport term in the energy budget has little effect on 
the mean profiles o f velocity and temperature (although it does affect the TK E profile). 
This is consistent with the finding in Section 4.5 that arbitrarily changing the trans­
port term parametrization has little impact on the mean fields. In fact, test simulations 
revealed that removal o f the entire transport term in the Therry and Lacarrere model 
makes almost no difference to the equilibrium velocity and temperature profiles, even in
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convective conditions. When the model is run in this mode, Equation (4.38) must hold 
exactly in the steady state. Noting that the heat flux (which appears in the numerator 
of Rf) must be linear in the steady state, the profiles of Km and the wind components 
must be independent of d{9)/dz as none of the terms in the equation depend on that 
gradient (ignoring the very weak dependence of lT1 and ZP2 on that gradient for cases 
where d(9)/dz > 0). Thus, although the counter-gradient term (7C) has a direct impact 
on the equilibrium temperature profile, it is not expected to affect the velocity profiles. 
To confirm that this is the case, further test simulations were performed in which the 
counter-gradient term was set to zero. The profiles labelled TL2 in Figure 4.14 are from 
such a test with (w'9')o = 0.3 Kms-1. The shape of the temperature profile changes as 
expected, becoming similar to that obtained with the mixing length model, as it has to 
show non-zero gradient throughout the CBL in order to support the upward heat flux. 
However, the velocity profiles are indeed almost identical to those obtained with the full 
model (TL).
The main conclusion is that this model is less different from the mixing length model 
than it might first appear, as the equilibrium velocity profiles are entirely determined by 
the choices made for Iti and Zy2? and are not influenced by the carrying of a parametrized 
form of the energy equation. However, it is important to note that the way in which these 
length scales are parametrized depends on a bulk measure of stability, while the mixing 
length model used has eddy coefficients which depend on local Richardson number. It 
is this change which allows ns to introduce the counter-gradient correction which does 
appear to fundamentally alter the character of the solutions for temperature by allowing 
upward heat fluxes even when d(9)/dz > 0, as occurs in the upper CBL.
The potential advantages of using a model which carries a prognostic equation for 
energy in a parametrization would seem to be in non-homogeneous or non-stationary 
conditions. For example, TKE generated at the crest of a hill might be advected downwind 
by the mean wind in a three-dimensional model. Also, changes in mean shear will not lead 
to an instantaneous change in energy (which will change with a time scale of order the eddy 
turnover time, £* cj zf /A m), and this may he advantageous in time-dependent problems.
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Considerations of this kind have made TKE models popular for detailed boundary layer 
and mesoscale modelling. Note however that the sensitivity of the eddy coefficients to the 
length scale parametrization may mask these benefits, as Km depends only on the square 
root of the TKE. Furthermore, a larger scale model (e.g. global) may have insufficient 
horizontal resolution for advection of TKE from a neighbouring grid point to be significant 
(or even desirable). It may also run with a timestep comparable to, or larger than, the 
eddy turnover time (the climate version of the Meteorological Office Unified Model uses 
1800 s). In this case the advantages of carrying energy in non-stationary conditions are 
lost. Therefore, in such a model, using a mixing length parametrization with non-locally 
determined length scale and counter-gradient term for heat may be more cost effective 
than using a more expensive TKE model. Presumably the results of such a mixing length 
model could be brought into closer agreement with LES by careful tuning of the length 
scale. For example, if the form of Equation (4.41) were used, then setting Ci = 6.7 
(instead of 15) would make the length scale in neutral conditions consistent with that 
diagnosed from LES.
4.6.2 Specified viscosity profiles
This section considers models in which the profiles of the eddy coefficients, Km and 
Kh, are specified. The most appropriate profiles are not well established, and it is not 
clear that any chosen profile will be able to perform satisfactorily across a wide range of 
conditions (changing stability, baroclinicity etc.). However, there has been some success 
in using these very simple models. For example, Chrobok et al. (1992) found that a 
parametrization using eddy diffusivities based on the dimensionless gradient functions of 
Moeng and Wyngaard (1984) performed better than a local mixing length model, and 
as well as a more complicated transilient turbulence model, for the case of a cold air 
outbreak. Also, Holtslag and Boville (1993) found that a scheme (based on one proposed 
by Troen and Mahrt, 1986) using prescribed profiles and counter-gradient corrections for 
scalar fluxes, transported moisture away from the surface more realistically than a local
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mixing length model in a global climate model. A scheme of this type (but without the 
counter-gradient terms) has recently been introduced into the operational model of the 
European Centre for Medium Range Weather Forecasting (ECMWF).
As an example of a parametrization which uses specified viscosity profiles, the perfor­
mance of the extension of the scheme of Troen and Mahrt (1986) described by Holtslag and 
Boville (1993) is considered here. Momentum fluxes are related to local mean gradients 
as before (Equations (4.20) and (4.21)) but with Km given by
2
Km =  KWmZ(■+) <“ ’>
where wm is a turbulent velocity scale. Equation (4.40) is used to parametrize the heat 
flux, with diffusivity
Kh — Kwtz { l  — -tij (4.48)
where wt is another velocity scale, and the counter-gradient term, is given by
w*(w'6')o (4.49)
In the surface layer (z/zi < 0.1), wm = u*/0>m, wt = u*/<f>h and a = 0 (i.e. no counter- 
gradient correction). For, z/z,• > 0.1, wm and wt are constant. wm is set equal to the 
value of u*/(j>m at z/z,• = 0.1, and wt is determined by ensuring that the flux equation, 
(4.40), is continuous at this height. Finally the constant a is set equal to 7.2, which gives 
7C = lO^ w'O'jo/ (w*Zi) in highly unstable conditions, consistent with Troen and Mahrt 
(1986), but twice as large as that used by Therry and Lacarrere (1983).
The mean fields near the top of the boundary layer are highly sensitive to the form 
chosen for the eddy coefficients. In particular, the cubic profiles of (4.47) and (4.48) cannot 
sustain a discontinuity in velocity across the inversion and lead to large shears below the 
inversion (Nieuwstadt, 1983). Similarly, in cases without entrainment, substituting for Kk 
(using (4.48)) and (w'6') (by assuming a linear profile) in Equation (4.40), and rearranging 
leads to
£ - ' - = f e s
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F ig u r e  4 .1 5 : Variation o f «*, and «0i with stability for a constant geostrophic windspeed (G) o f 10 m s- 1 , 
with Zi =  1000m and Zq =  0.1m. Results are shown from the m odel o f Holtslag and Boville (HB) and 
the mixing length model (ML) with fi =  0.15. The squares are the LES results and the solid lines are the 
mixed layer model predictions as before.
Thus this diffusivity profile implies that d(0)/dz —> —oo as z/z,• —> 1. Accordingly, near 
the top of the boundary layer, the model of Holtslag and Boville (1993) uses Km and 
Kk calculated based on local gradients, as in the mixing length model, if those values are 
larger than those given by (4.47) and (4.48). For the tests with this model (HB), the same 
mixing length formulation was used as in Section 4.4. Additional tests (HB2) were also 
performed in which this modification was not made i.e. eddy coefficients given by (4.47) 
and (4.48) at all heights.
Figure 4.15 shows u# and a0 predicted by this model (HB). Almost identical results 
(not shown) were given by HB2. The performance appears to be comparable to, or slightly 
better than that of the mixed layer model, although the sharp increase in u* shown by 
LES as —ZiJL increases from zero is not captured.
It has already been shown (Figure 4.9) that the velocity profiles from simulation 
BNLR are well reproduced by the local mixing length model (with fi =  0.15). Figure 4.16 
shows that the predictions of the full Holtslag and Boville model (HB) are also highly 
satisfactory. Note though that the viscosities applied are actually from the mixing length
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Figure 4.16: Velocity profiles from neutral large-eddy simulation BNLR, and attem pts to reproduce 
them  using the full model o f  Holtslag and Boville (HB), and the test version o f  this m odel described in 
the text (HB2).
formulation for all z/z,- > 0.5. Nevertheless, the use of the viscosity given by (4.47) at 
all heights HB2 gives similar velocity profiles for z/z,- < 0.8. Above this height, the wind 
components are expected to become geostrophic but, while this appears to be the case for 
(u), it does not occur for (u). Tests revealed that this is because the vertical resolution 
used (40 points) is not sufficient to resolve the shear in (u) just below the inversion. In 
fact, most large-scale models will have much coarser resolution than used here and may 
not resolve the differences between HB and HB2 at all.
In convective conditions, the HB2 model profiles show more shear than LES through­
out most of the CBL (Figure 4.17). This time the discrepancy is not removed by using the 
full model (HB), as the mixing length derived viscosities are smaller except for z/z,- > 0.9 
(due to the counter-gradient term reducing the local instability). The same discrepancy 
is also likely to be seen at much lower resolution as the shear is no longer restricted to a 
narrow region just below the inversion. Neglecting the modifications made by this model 
to the velocity scales in the surface layer, the analytic solutions of Nieuwstadt (1983) 
for the cubic viscosity profile suggest that this unrealistic behaviour should be expected 
in the limit fzi/(nwm) —» 0. The convective case described here has fzi/(K,wm) ~ 0.1
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Figure 4.17: Mean profiles from convective large-eddy simulation M134, and attem pts to reproduce 
them  using the mixing length model (ML) with fi =  0.15, and both versions o f the m odel of Holtslag and 
Boville (HB and HB2). The velocity profiles which are almost indistinguishable for z jz ,• < 0.9 are those 
from HB and HB2.
(compared to 0.6 for the neutral case), but note that the performance of the model of 
Holtslag and Boville remains at least comparable to, and arguably slightly better, than 
that of the mixing length model. Also, the temperature profile is improved, HB show­
ing almost no gradient above z/z,- = 0.1. The small remaining discrepancy with LES is 
mainly associated with different behaviour in the surface layer where no counter-gradient 
correction is applied. Note that the behaviour of HB2 is not satisfactory, as it shows 
an unrealistic decrease of (8) towards the inversion, consistent with the earlier discussion 
(Equation (4.50)).
In conclusion, the model of Holtslag and Boville reproduces the equilibrium LES ve­
locity profiles at least as satisfactorily as the local mixing length model across a range of 
stabilities. As Km and Kk are prescribed and are not sensitive to small local gradients it 
is potentially more robust than the local model, and can also include the counter-gradient 
term which improves the temperature profile. Nevertheless, it is not clear that the sim­
ple profiles used will be able to perform adequately in conditions when the geostrophic 
wind varies with height. Hence the performance of this model will be examined again in 
Chapter 5, when such cases are considered.
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4.6.3 Transilient turbulence models
This section on non-local models would not be complete without mention of transilient 
turbulence models (see e.g. Stull and Driedonks, 1987). In a sense these appear to be 
more genuinely non-local than the modified exchange coefficient methods studied in this 
chapter, as they attempt to consider exchange of properties in turbulent flows between all 
levels in the boundary layer. This is done by constructing a mixing matrix of dimension 
N x N (where N is the number of levels). The element c,j of the matrix then represents 
the amount of air from level i that arrives at level j  during a timestep.
Unfortunately, there are two major problems with this approach. The first is that 
it is inevitably more expensive than traditional eddy coefficient based models, as the 
number of calculations required per timestep is proportional to N2 (rather than N). 
Secondly, the most appropriate values of the matrix elements c,j are not well known. 
Fiedler and Moeng (1985) derived a matrix for modelling the behaviour of passive scalars 
in the CBL using LES. A more general model for the coefficients was proposed by Stull 
and Driedonks (1987), based on a mixing potential derived using a non-local analogy 
of the TKE equation. Nevertheless, the assumptions that have to be made do restrict 
the potential performance. For example, the exchange hypothesis, Cij = eg excludes 
anisotropic mixing which prevents the model from producing counter-gradient heat fluxes. 
In fact, Chrobok et al. (1992) found that the model of Stull and Driedonks performed no 
better than a simple eddy viscosity model based on the dimensionless gradient functions 
of Moeng and Wyngaard (1984) for the case of a cold air outbreak. Similarly, Cuxart et 
al. (1994) found that the model of Bougeault and Lacarrere (1989), which is essentially a 
revision of that of Therry and Lacarrere (1983), performed at least as well as the transilient 
model in clear-sky convective conditions. In fact, they diagnosed the transilient matrix 
implied by the Bougeault and Lacarrere (1989) model, and found it to be surprisingly 
similar to that used in the model of Stull and Driedonks (1987). Thus they argued that 
simple models like that of Bougeault and Lacarrere effectively provide an elegant and 
inexpensive way of parametrizing the transilient coefficients. Thus the conclusion is that
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it seems unlikely that transilient turbulence models will be able to produce sufficient 
improvement over eddy coefficient based models to justify their increased computational 
cost in a boundary layer parametrization in a large-scale model.
4 . 7  I n t e r a c t i o n  o f  d i f f e r e n t  p a r a m e t r i z a t i o n  s c h e m e s
The tests conducted so far have looked at the performance of various boundary layer 
parametrization schemes. However, such schemes do not act in isolation in practical large- 
scale models, and the ways in which they interact with other parametrization schemes 
may be very significant. For example, most large-scale models have separate schemes for 
boundary layer turbulence and for convection. This is done because the methods thought 
most appropriate for representing the effects of deep convection (e.g. mass flux schemes 
such as that of Gregory and Rowntree, 1990, or convective adjustment schemes such as 
that of Betts and Millar, 1986) are not the same as those favoured for boundary layer 
schemes (usually eddy coefficient based). However, this section will show that the ability 
of the Single Column version of the Meteorological Office Unified Model (the SCM) to 
reproduce the LES results can depend critically on the way in which the boundary layer 
and convection schemes interact.
4.7.1 Local boundary layer — convection scheme interaction
The equilibrium SCM boundary layer wind and temperature profiles are influenced pri­
marily by the effects of the boundary layer scheme (Smith, 1993) and the convection 
scheme (Gregory and Rowntree, 1990). The boundary layer scheme uses local mixing for 
heat and momentum, with stability dependent viscosity and diffusivity as described in 
Section 4.4. The convection scheme is a mass flux scheme, primarily designed to deal 
with deep convection, but which also leads to non-local mixing of heat in the boundary 
layer. Note that it does not include momentum transports at present. Here, in order
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to assess the impact of the convection scheme on the equilibrium boundary layer struc­
ture, results obtained using the full model are compared with those obtained with the 
convection scheme switched off.
The model was set up to be driven by imposed geostrophic wind and surface heat flux, 
so that it could be run to equilibrium for comparison with LES. The tests performed used 
the vertical resolution of the mesoscale model, with initial conditions as follows. The wind 
components, (u) and (u), were set to their geostrophic values at all levels (10 ms-1 and 
0 ms”1 respectively). Temperatures were initialized such that the potential temperature, 
(9), was approximately constant (c^  288 K) from level 1 to level 8 and a strong inversion 
was set up between levels 8 and 9, giving a boundary layer depth, z,-, of around 860 m. 
This successfully prevented convection above the boundary layer which would have made 
the results less comparable with those from LES. However, it was found that entrainment 
tended to cause a slow increase in boundary layer depth so, to prevent this, the boundary 
layer fluxes of heat and momentum were set to zero above level 9. All boundary layer 
temperatures were adjusted downwards each timestep by the amount required to keep 
the near surface temperature constant -  this procedure kept the temperatures realistic, 
without altering the profile shapes. This was not necessary in the LES and closure model 
runs in which only the profile shapes are relevant, but was necessary in the SCM tests as 
absolute temperature values are important for the radiation scheme. All moisture fields 
and fluxes were set to zero in all cases.
Figure 4.18 compares the equilibrium values of u* predicted by the SCM, both with 
and without the convection scheme, with the LES results and the mixed layer model 
predictions. Note that although the SCM runs have boundary layer depths of around 
860 m (compared with 1000 m for LES), the mixed layer model suggests that this difference 
should not have a significant effect on u* (see Figure 4.21).
The results obtained using an SCM timestep of 60 s are considered first. The u* 
predictions of the SCM without the convection scheme can be seen to be broadly consistent 
with the LES results, although not showing quite such a strong stability dependence. In
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Figure 4.18: Variation o f u* with stability, for G = 10 m s-1  with z q  =  0.1 m. Results from the LBS 
m odel (squares) and the mixed layer m odel (solid lines) are shown as before (for Z{ =  1000 m ). Single 
Column Unified Model results, for zx ~  860 m, are shown, both with and without the convection scheme 
(SCM CON and SCM NO CON). The plot on the left shows SCM results using a timestep o f 60 s; that 
on the right shows results using a tim estep of 1800 s.
fact, as expected, the results are very similar to those which were obtained using solely the 
local boundary layer scheme in Section 4.4. In convective conditions, the velocity profiles 
are not quite sufficiently well mixed, and (6) again decreases with height throughout the 
boundary layer in order to support the turbulent flux. Figure 4.19 shows the (0) profile 
for the most unstable SCM test without the convection scheme (—z,/L = 17), and also 
the heating rate due to the boundary layer scheme. Note that, in the absence of heat 
transport by the convection scheme, the boundary layer scheme heating rate is almost 
constant throughout the CBL, although slightly reduced close to the surface where heating 
by the long wave radiation scheme is not negligible.
In contrast, the results obtained when using the convection scheme, are much less 
satisfactory, showing little or no increase in surface stress (see Figure 4.18) and little 
change in the velocity profiles with increasing instability. This behaviour can be explained 
by considering first the effects of the convection scheme on the boundary layer temperature 
profile. The (0) profile shown in Figure 4.19 is unconditionally unstable to parcel ascent. 
A profile of this shape would cause convection to be initiated, leading to a cooling of
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F ig u r e  4.19: Profiles from m ost unstable SGM test with no convection scheme using a timestep o f 60 s. 
The first plot shows the potential temperature profile, and the second shows the rate o f change o f {6) 
due to increments from the boundary layer scheme, B, and the convection scheme, C (zero in this case).
the lower boundary layer, and a warming of the upper boundary layer. This would 
change the shape of the boundary layer heating profile, which in turn would affect the 
operation of the convection scheme. Eventually an equilibrium temperature profile shape 
would be reached. Figure 4.20 shows that temperature profile and the boundary layer 
and convection scheme heating rates for the most unstable test run. The heating from 
the boundary layer scheme is concentrated in the lowest few model levels (due to the 
stable profile in the upper boundary layer), while the convection scheme cools the lower 
boundary layer and warms aloft. The sum of the contributions from the two schemes 
(and the small amount of heating by the long wave scheme close to the surface) gives a 
well mixed heating profile as before.
It might be thought that, as the total heating profile remains well mixed, it matters 
little whether the boundary layer mixing is carried out by the boundary layer or convection 
scheme. Indeed, the slightly stable (9) profile of Figure 4.20 is possibly less unrealistic 
than the unstable profile of Figure 4.19. However, the relative size of the contributions 
from the two schemes is important for two main reasons:
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Figure 4.20: Profiles from most unstable SCM test including the convection scheme, using a timestep  
o f 60 s.
1. The rate of entrainment into the boundary layer may be affected, being relatively 
rapid when the convection scheme dominates, but relatively slow when mixing is 
predominantly by the boundary layer scheme.
2. The boundary layer scheme mixes momentum, while the convection scheme (at 
present) does not.
The present tests have not been designed to consider entrainment effects, and that area 
is left for a later study. However, the effects of the interactions of the two schemes on 
momentum mixing are both clear and significant. The stress depends on local shear and 
local temperature gradient. The interaction of the convection scheme with the boundary 
layer scheme leads to a more stable temperature profile than that obtained using the 
boundary layer scheme alone. This leads to reduced momentum mixing (due to the 
stability dependence of the viscosity), and hence less well mixed velocity profiles and 
significant underestimates of u*.
The results discussed so far have been from SCM runs using a timestep of 60 s. This 
value of timestep was chosen as it is considerably smaller than the boundary layer turnover 
time, t*, which is around 2000 s for the neutral runs, and about 500 s for the most unstable
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runs. However, it is not possible to nse such a small timestep in large-scale models - the 
mesoscale model calls the ‘physics’ subroutines every 300 s, while the climate model does 
so only once every 1800 s. The second plot in Figure 4.18 shows the results obtained 
using a timestep of 1800 s. The results using only local mixing (SCM NO CON) are much 
as before. However there has been a significant change in performance when using the 
convection scheme in conjunction with the local boundary layer scheme (SCM CON), u* 
values remain too low, but do tend to be significantly larger when using a timestep of 
1800 s. This is because the equilibrium solution now has a slightly unstable temperature 
profile (although not as unstable as obtained using the boundary layer scheme alone). 
Consistent with this change, more of the mixing is now done by the boundary layer 
scheme, u* is increased and the velocity profiles are more mixed. Thus the size of the 
error depends on the fraction of the mixing of heat performed by the convection scheme, 
and there is evidence that this may be rather sensitive to changes in the model numerics 
(numerical scheme, timestep, resolution etc.) and conceivably also to changes in external 
forcing (note the rather unsteady variation of u* with stability when using the convection 
scheme with a timestep of 1800 s in Figure 4.18).
Essentially, the problem stems from the use of non-local mixing for heat, while using 
local mixing for momentum. Momentum mixing is not sufficiently enhanced, and near 
surface winds are underestimated. This is almost certainly the cause of a systematic 
underestimate of 10 m winds in convective conditions over land by the operational model.
One possible solution is to increase momentum mixing in unstable conditions by al­
lowing non-local momentum transport by the convection scheme. Work is currently being 
performed to include such mixing in the scheme, based on the results of a cloud-resolving 
model for deep convection. The scheme of Tiedtke (1989), in use at ECMWF, already 
incorporates a simple parametrization of convective momentum transports. However, it 
is not clear that it is possible to tune such a scheme to give reasonable results in the 
boundary layer. It is suspected that the results might well be sensitive to the exact pro­
portions of the mixing carried out by the local boundary layer scheme and the non-local 
convection scheme. Therefore, tuning of the schemes to give optimum results across a
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range of conditions, and for a variety of model timesteps, could prove difficult.
The sensitivity of the results to the way in which the boundary layer and convection 
schemes interact might be reduced by changing to a non-local boundary layer scheme in 
unstable conditions (so that viscosity was not related to local temperature gradients). 
Even in this case it is suspected that having two separate schemes performing vertical 
mixing in the boundary layer might lead to difficulties. Instead, the proposed solution 
is to attempt to ease the problem by preventing the convection scheme from mixing in 
the boundary layer. It must still be initialized close to the surface (for deep convection), 
and it has been suggested (R.N.B. Smith, private communication) that average boundary 
layer convective temperature and humidity increments could be applied at all levels in 
the boundary layer. Thus the convection scheme could not change the shape of the 
boundary layer profiles and, in cases where there was no significant convection above 
Z{, the convective increments would be close to zero everywhere. If desired, the local 
boundary layer scheme could then be used, as the temperature and humidity gradients 
would no longer be determined non-locally. Although very simplistic, as boundary layer 
turbulence in unstable conditions is undeniably non-local in nature, it has been shown 
that such schemes can perform reasonably (the SCM NOCON tests). This approach 
seems attractive, at least in the short term, as a way of increasing momentum mixing in 
unstable conditions.
In summary, this section has examined one case where the interaction of two parametriza­
tion schemes is of critical importance. The non-local convection scheme in conjunction 
with the local boundary layer scheme has been shown to produce results considerably 
poorer than those produced by any of the boundary layer schemes which have been looked 
at in isolation. A possible solution has been suggested, but the behaviour of the two 
schemes would still need to be studied carefully, as its implementation could affect the 
initialization of the convection scheme (Gregory and Rowntree, 1990), due to increased 
buoyancy gradients close to the surface, and the rate of boundary layer ventilation by 
deep convection could also be affected due to the changes in the convective heating profile 
brought about by averaging the increments in the boundary layer.
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In this chapter LES results for the mean fields and various similarity coefficients have 
been presented. Both velocity and temperature profiles rapidly become well mixed with 
increasing instability, and it has been shown that the similarity coefficients predicted by 
a simple mixed layer model are in good agreement with LES for —Zi/L > 2.
The performance of a simple local mixing length parametrization has been shown to 
be highly satisfactory in neutral conditions. In convective conditions this model produces 
insufficiently well mixed velocity and temperature profiles, leading to an underestimate of 
the surface stress and an overestimate of the temperature difference between the surface 
and boundary layer top. Various other schemes which seek to alleviate these deficiencies 
have been tested. It has been argued that relating the eddy coefficients to TKE (for 
which a prognostic equation must be carried) is not cost effective except in very high 
resolution mesoscale modelling. However, relating the eddy coefficients to some non-local 
measure of stability (rather than local Richardson number) does appear to be potentially 
beneficial. This can be done either through the mixing length (e.g. Therry and Lacarrere, 
1983), or by specifying eddy coefficient profiles directly (e.g. Holtslag and Boville, 1993). 
Once stability effects are incorporated in a non-local manner, it is possible to incorporate 
counter-gradient correction terms in the scalar flux parametrizations. It has been shown 
that these can lead to some improvements in the modelled temperature profiles.
Finally it has been shown that the way in which the boundary layer scheme interacts 
with other parametrizations can be of critical importance. Specifically, the way in which 
the local boundary layer scheme interacts with the mass flux convection scheme in the 
Meteorological Office Unified NWP and climate prediction model has been shown to 
lead to insufficient momentum mixing in unstable conditions. The proposed solution 
of averaging the convection scheme increments in the boundary layer is currently being 
tested.
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ZqI m u*/ms 1 Cg X l03 <*o
0.010 0.367 1.35 17.5
0.033 0.406 1.65 19.4
0.100 0.449 2.01 21.5
0.333 0.505 2.55 24.4
1.000 0.569 3.24 27.7
Table 4.2: Variation of «*, C g and ao with zo for G  =  10 ms 1. Values have been obtained using 
Rossby similarity coefficients A  =  2.42 and B  =  3.27 (Grant and Whiteford, 1987).
4 . A  A p p e n d i c e s  t o  C h a p t e r  4
4.A.1 Sensitivity of surface stress to roughness length
Most large-scale models use a roughness length to describe the properties of the surface 
with regard to momentum transfer. Although values have been measured over a large 
number of different surfaces, there are considerable uncertainties associated with the need 
to obtain a single value representative of an entire NWP model grid square in which the 
surface may be highly heterogeneous. Recently enhanced orographic roughness lengths 
have been introduced in some models. These attempt to allow for the enhanced drag 
in the boundary layer due to subgrid scale orography, and their introduction has led to 
improved performance of the Meteorological Office Unified Model. However the values 
used are subject to considerable uncertainty, both due to the parametrization of the 
orographic drag and to the limited resolution of the available orographic datasets.
Here Rossby similarity theory is used to obtain an approximate estimate of the sen­
sitivity of the surface stress to the roughness length. Table 4.2 shows the values of 
C2 (= ul/G2) and a0 obtained iteratively for a range of values of z0 with G = 10 ms-1, 
using A = 2.42 and B = 3.27 (Grant and Whiteford, 1987). The range of values of z0 has 
been chosen to cover typical vegetative values over land (effective roughness lengths due
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Men zo/10 4m u*/ms 1 C2 x 103 a&
0.012 0.85 0.263 0.694 12.4
0.020 1.5 0.273 0.745 12.9
0.032 2.6 0.282 0.798 13.3
Table 4.3: Variation of z0 , it*, C 2 and a^with z0 with the Charnock constant, M ch >  f°r £? =  10 ms 1. 
Values have been obtained using coefficients A  — 2.42 and B  — 3.27 (Grant and Whiteford, 1987).
to orography are potentially mnch larger). The table shows that changing Zq by a factor of 
3.3 leads to roughly a 10% change in u*, or, equivalently, a 20% change in C2. Note that 
the ageostrophic angle, a0, changes only slowly with z0, so that this gives approximately 
a 20% change in the spin-down time scale (tad oc 1 /(C2 cos a0)).
A similar sensitivity to Zq is found using other values of G as the drag coefficient is only 
a weak function of the geostrophic windspeed ((? = 30 ms-1 gives C2 — 1.65 x 10“3 for 
z0 = 0.1 m). It is concluded that if it is assumed that the appropriate value of roughness 
to use for a large-scale model grid-box is known to within a factor of two or three, then 
the associated uncertainties in u* are of order 10%.
Over the sea the situation is rather different. The roughness length is commonly 
related to the surface stress (due to changes in the state of the sea surface) through the 
formula of Charnock (1958)
Mchul z0 = --------
9
Here Men is the Charnock constant. Garratt (1992) tabulates some experimental values 
for Mch, and these range from 0.012 to 0.032. Table 4.3 shows the effects on Zq, u*, C2 
and a of changing the Charnock constant over this range (for G = 10 ms-1 and A — 2.42 
and B — 3.27 as before). Note that there is only a factor of three change in z0 over the 
entire range of Mch values used. The sensitivity of u* to changes in zq is also slightly 
smaller than over land due to the the larger value of u*/(fz0).
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-Z./L
Figure 4.21: Variation of it* with —z, f  L  from mixed layer model of Garratt et al. (1982) for varying Z{. 
All curves are for G  =  10 ms-1 , zq =  0.1 m. The dotted curve, unlabelled for clarity, is for z, — 2000 m.
4.A.2 Sensitivity of surface stress to boundary layer depth
This annex assesstfthe sensitivity of the surface stress to the boundary layer depth using 
similarity theory. This is relevant as a large-scale model might have an inaccurate value 
of Z{, due, for instance, to poor representation of the surface and entrainment fluxes, or 
to poor vertical resolution which means that only a few discrete values of Zi are possible. 
Equations (4.11) and (4.12) are most suitable, as they retain the boundary layer depth, 
Z{, explicitly. Unfortunately, as discussed earlier, the coefficients Ai and Bi are not well 
determined experimentally and once again the predictions of the mixed layer model of 
Garratt et al (1982) are used. As discussed earlier, this is not valid in neutral conditions, 
but it should be adequate for —Zi/L > 2.
Figure 4.21 shows u* as a function of —Zi/L obtained by iterative solution of Equation
(4.19) for G = 10 ms-1, z0 = 0.1 m and a range of values of Zi. It can be seen that, for 
constant ZijL, ti* increases with increasing z, for small Z{, but reaches a maximum value 
after which it decreases slowly with further increases in Z{.
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This behaviour can be understood with reference to Equation (4.19). For ‘shallow’ 
boundary layers, the second term on the RHS dominates over the first, giving
u* cx (fGzi)» (4.52)
i.e. the surface stress increases linearly with increasing boundary later depth. Note that 
the stability function, does not appear in this expression, consistent with the curve for 
Z{ = 200m in Figure 4.21 showing only a weak stability dependence. A non-dimensional 
sensitivity parameter, s, which relates a fractional change in z,- to a fractional change in 
u* can be defined as follows
zi du*a _  _  (4.53)
u* dzi
and in this limit it has a value of 0.5 i.e. a 20% error in z,- would lead to a 10% error in
u *.
For ‘deep’ boundary layers, the second term on the RHS of Equation (4.19) becomes 
small compared to the first, giving
u* cx j— A w  T (4*54)
_   1  (4 55)
u,dz, -  [in ( * )  _ « ]
For z,- = 2000m and zt/L = —5 this gives s = —0.15 i.e. u* depends only weakly on z,-, 
decreasing slowly as the boundary layer depth increases.
Figure 4.22 shows the variation of s with zt- between these two limits for various values 
of G. All curves are for ZifL = —5, z0 = 0.1 m, and were obtained by differentiating
(4.19) with respect to z,-, and using the iteratively obtained values of u*. All curves show 
the similar behaviour, although the ‘shallow’ regime where u* is relatively sensitive to z,- 
extends to greater depth with large values of G.
It is concluded that for ‘deep’ boundary layers, the surface stress is fairly insensitive 
to the exact depth -  a 20% change in zt- for z,- •> 700 m with G — 10 ms-1 is predicted 
to give less than a 2% change in u*. However, shallower boundary layers do show greater
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z,/m
Figure 4.22: Sensitivity parameter, s, (defined as in text) as a function of Z{. The curves are for G  =5, 
10, 15 and 20 ms-1 and have been obtained using the mixed layer model of Garratt et al. (1982) with 
Z { / L  =  —5, zq =  0.1 m.
sensitivity. Note also that most large-scale models which use finite-difference methods 
have poor vertical resolution -  typically of 0(100 m). This means that fractional errors 
in Zi can be large, particularly for shallow boundary layers.
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T h e  i n f l u e n c e  o f  b a r o c l i n i c i t y  o n  
C B L  t u r b u l e n c e
All the simulations that have been considered so far have used imposed geostrophic winds 
that did not vary with height. In fact, the author is not aware of any published LES 
studies of the boundary layer in which the geostrophic wind was a function of height. 
However, the thermal wind equations (Section 5.1) indicate that in practice there will 
commonly be significant shear in the geostrophic wind across the atmospheric boundary 
layer. Furthermore, there is some evidence (described in Section 5.2) that the simple 
parametrizations which can be used in NWP and climate prediction models may perform 
poorly in such conditions. This provides ample motivation for an LES study, and the 
results for the mean wind profiles are compared with the predictions of two simple closure 
models. The influence of shear in the geostrophic wind on scaled turbulence statistics is 
also discussed.
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5 . 1  T h e  t h e r m a l  w i n d  e q u a t i o n s
The geostrophic wind (ug,vg) is defined through
(5 -2 >
(Equations (2.4) and (2.5), except using local rather than reference density). Differenti­
ating with respect to z and using the hydrostatic approximation (dPo/dz — —pg) and the 
ideal gas law (P0 = pRT where R is the gas constant and T is the absolute temperature), 
the thermal wind equations can be obtained
=  ^ d r
dz fTdy dz 
dva q dT va dT . .
As discussed by Arya and Wyngaard (1975), the second terms on the right-hand side of 
Equations (5.3) and (5.4) are usually neglected - assuming that the temperature gradient is 
close to the dry adiabatic lapse rate, these terms lead to a fractional change in geostrophic 
windspeed of less than 4% per kilometre. The shear in the geostrophic wind in the 
atmosphere is therefore largely determined by the horizontal temperature gradients. These 
can be large in the vicinity of mesoscale systems such as fronts and orographically induced 
flows (of order 10 K per 100 km), but are also likely to be significant in situations which 
appear to be closer to idealized. For example, a temperature gradient of only 1.5 K per 
100 kra at 45°N, ,  content with a shear *  the geostroPhic wind of 0,05 (i.e a 
change of 5 ms-1 over a boundary layer 1000 m deep). Temperature gradients of this 
order of magnitude are common place -  assuming a surface temperature difference of 
50 K between equator and pole, even the mean north-south temperature gradient must 
be around 0.5 K per 100 km. It is concluded that significant shear in the geostrophic 
wind in the lower atmosphere is common place, but its effects remain poorly understood.
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5 . 2  P o s s i b l e  p a r a m e t r i z a t i o n  p r o b l e m s
Hollingsworth (1994) identified a systematic error in the performance of the EGMWF 
weather prediction model. Figure 5.1 shows a comparison of composited radiosonde ob­
servations and short-range forecasts of wind shear across the boundary layer (between the 
surface and 850 hPa), in cases where the observed wind backed (turned anticlockwise) with 
height. The North Atlantic composite was made using five radiosonde stations over three 
winter months. It can be seen that the forecast model did not reproduce the observed 
backing wind shear. Similar errors were found in the forecasts over the Great Plains of 
North America, and in the Pacific trade wind zones both north and south of the equator. 
In regimes in which the observed wind veered with height, the model performance was 
found to be much better.
It was shown in Chapter 4 that, with a constant geostrophic wind, the wind veers 
with height across the boundary layer, both in neutral and convective conditions. Hence, 
none of the closure model tests which were described in that chapter are directly relevant 
for the cases where Hollingsworth (1994) found the largest errors, namely those in which 
the observed wind hacked with height. This backing with height is likely to be associated 
with a geostrophic wind which varies with height. Indeed, two of the baroclinic large-eddy 
simulations which are described in the next section do show a net backing of the wind 
across the boundary layer. Comparisons of the LES and closure model predictions for 
the wind profiles are made in Section 5.4, in order to assess the validity of the suggestion 
of Hollingsworth (1994) that the forecast errors noted above are caused by the failure of 
simple eddy viscosity based closure models in baroclinic conditions.
5 . 3  L E S  o f  t h e  b a r o c l i n i c  b o u n d a r y  l a y e r
The baroclinicity of the atmosphere is usually characterized (e.g. Arya and Wyngaard, 
1975) using the parameters, M and (3. For constant geostrophic shear, M is simply equal
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a) N ATLANTIC b) N AMERICA
<ty=12.0 <50=15.8
c) TROPICS NH
<50=11.3
iao
d) TROPICS SH
< 5 0 = 3 4 .8
Figure 5.1: From Hollingsworth (1994). Composites (based on a 3-month sampling period) of mean 
surface and 850 hPa winds as observed (labelled 1000R and 850R) and forecast (labelled 1000F and 850F) 
for four groups of selected radiosonde stations (a, North Atlantic; b, Great Plains of North America; c, 
the tropical Pacific north of the equator; d, the tropical Pacific south of the equator). The composites 
were made using cases when the observed surface wind exceeded 5 ms-1 and the observed backing of 
the wind (veering in the Southern Hemisphere) was between 12 and 27°. The errors in the surface wind 
direction are given in degrees (60 in the notation of Hollingsworth, with positive values indicating surface 
ageostrophic angle too large).
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Run {u/& ')o/m 2s - 3 U g o / m s - 1 V g o / m s - 1 ( d u g / d z ) / s " 1 ( d v g / d z )  / s -1 7 /(deg.)
NO 0 10 0 0.005 0.000 0.0
N90 0 10 0 0.000 0.005 90.0
N180 0 10 0 -0.005 0.000 180.0
N270 0 10 0 0.000 -0.005 270.0
N135 0 10 0 - 0.010 0.010 135.0
CO
<N1Oi -H 10 0 0.005 0.000 0.0
C90 10~2 10 0 0.000 0.005 90.0
C180 10-2 10 0 -0.005 0.000 180.0
C270 10“2 10 0 0.000 -0.005 270.0
C135 lO"2 10 0 - 0.010 0.010 135.0
Table 5.1: Summary of baroclinic runs. External parameters.
to the magnitude of the geostrophic shear vector normalized by u*/z(, and (3 is^ angle 
between that vector and the surface stress (positive for shear backed relative to surface 
stress).
The simulations described in this section have been designed to look at the effects of 
geostrophic shear as functions of its magnitude and direction, in both neutral and highly 
convective conditions. For simplicity, it was decided to use stress-free rigid lids to form the 
boundary layer tops at Zj = ioOO m. Therefore these simulations cannot be used to learn
about the effects on the turbulence..(jand.ihe entrainment rat-einjpartienlar) of enhanced'
c , '
shear across the inversion. The simulations were run for 100000 s, using 40 X 40 X 32 points/ 
and with domains of horizontal extent 3 km X 2 km for the neutral simulations, and 4 km 
x 4 km for the convective simulations. All were driven by a geostrophic wind of surface 
speed 10 ms-1 (at 45°N) and, in both neutral and convective conditions, geostrophic 
shears of 0.005 s-1 were imposed at angles (7 ) of 0, 90, 180 and 270 to the surface 
geostrophic wind direction. Additionally, one further simulation was performed in each 
case, with larger shear at 135°, so that the geostrophic wind at z4- was backed 90° from 
that at the surface. A summary of the simulations performed can be found in Table 5.1.
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Equations (5.3) and (5.4) tell us that, in thermal wind balance, a shear in the geostrophic 
wind is associated with a horizontal temperature gradient. It could be argued that an 
extra term should have been incorporated in the equation for 99/dt, allowing for advec- 
tion of this mean temperature gradient. Such a modification to the model is easily made, 
and would provide non-uniform heating or cooling as the mean wind speed is a function 
of height. However a test simulation confirmed that the effect of such a modification 
was not significant in convective conditions as the change in heat flux required to bal­
ance the non-uniform advective heating was negligible compared to the total flux i.e. the 
flux profile remained almost exactly linear. With zero surface flux (the ‘neutral runs’) 
the effect was not found to be negligible as buoyancy fluxes of maximum magnitude of 
around 10- 4m2s-3 were set up to balance the non-nniform heating/cooling caused by the 
advection term. Nevertheless, it was decided to concentrate on runs without this term, 
in order to study the purely dynamical effects of a height dependent geostrophic wind, 
without the complicating stability effects. This seems to be a reasonable approach, as 
the LES simulations are undoubtedly highly idealized in any event. The closure models 
tested were set up in a consistent manner.
/if /  7 , (3 and a0_have already been introduced, and now two further angles, and (j>+, are
/^introduced. 0_ is,4he angle between the surface wind and the wind just below z,, and
i /  —"'"x „ , <fyl is that between the surface wind and the geostrophic wind at z,-. Note that it is assumed 
that the wind above Z{ is geostrophic, so 4>+ gives the total turning across the boundary 
layer i.e. turning across boundary layer interior (= 0>_) pins turning across inversion. For 
ease of reference, definitions of all these angles are given in Table 5.2.
Results of the baroclinic runs are shown in Table 5.3. Note that the values of non- 
dimensional baroclinicity, M, obtained in the simulations with geostrophic shears of
0.005 s-1, are of order 10. Grant and Whiteford (1987) found that values of M in flights 
from the KONTUR experiment in near neutral conditions over the North Sea were be­
tween 2.9 and 13.7 with a mean of 7.5, so it can be concluded that the LES values are 
by no means excessive. Indeed, in none of these cases is the baroclinicity strong enough 
to cause a net backing of the wind with height, although <j>+ does become close to zero in
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7 Angle between directions of geostrophic wind shear and surface geostrophic wind.
Imposed in the present simulations. 
a0 Angle between directions of surface wind and surface geostrophic wind.
f3 Angle between directions of geostrophic wind shear and surface wind
(i.e. (3 = 7  -  aQ)
4>- Angle between directions of surface wind and wind just below z,-.
(j>+ Angle between directions of surface wind and geostrophic wind at z,-.
Table 5.2: Definitions o f angles. All are positive when the first direction is backed (rotated anticlockwise) 
relative to the second e.g a positive value o f <j)+ indicates that the surface wind is backed relative to the 
geostrophic wind at z; or, alternatively, that the wind veers with height across the boundary layer.
Run u*/ms 1 —Zi/L M  7 /(deg.) a0/(deg.) (3/( deg.) 0„/(deg.) (f>+/( deg.)
BNLR 0.45 0.0 0.0 -  18.0 10.0 18.0
NO 0.55 0.0 9.2 0.0 15.0 345.0 1.2 15.0
N90 0.48 0.0 10.4 90.0 28.4 61.6 1.6 1.8
N180 0.36 0.0 13.7 180.0 24.8 155.2 25.9 24.8
N270 0,45 0.0 11.2 270.0 4.0 265.6 9.8 30.6
N135 0.41 0.0 34.9 135.0 52.9 82.1 -13.7 -37.1
M134 0.67 13.4 0.0 - 25.8 - -0.4 25.8
CO 0.77 8.8 6.5 0.0 25.5 334.5 -4.5 25.5
C90 0.67 13.2 7.5 90.0 39.1 50.9 - 0.6 12.5
C180 0.54 24.8 9.2 180.0 23.2 156.8 0.2 23.2
C270 0.68 12.9 7.4 270.0 11.4 258.6 - 1.2 38.0
C135 0.54 26.1 26.4 135.0 68.2 66.8 - 0.8 - 21.8
Table 5.3: Results o f baroclinic runs. Also shown, for comparison, are results from simulations BNLR 
and M134.
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simulation N90. The two more strongly baroclinic runs, N135 and C135, were specifically 
designed to make the wind back with height, with the geostrophic wind backing by 90° 
across the boundary layer. The values of M  in these simulations are around 30, which 
are comparable with those found in convective conditions over the East China Sea during 
the AMTEX experiment (Lenschow et al. , 1980).
5 , 4  M e a n  f i e l d s
In this section the effect of shear in the geostrophic wind on the mean wind profiles in 
neutral and convective conditions is examined. In each case the LES results are compared 
with the predictions of two simple closure models which were described in Chapter 4 -  
the local mixing length model and the non-local model of Holtslag and Boville (1993).
i f  P  >X r  , .
r f
- - ‘/ i T5.4.1 Neutral results
Figure 5.2 shows the mean wind profiles from simulations BNLR, NO, N90, N270, N180 
and N270 (solid lines). As expected, the addition of a shear in the geostrophic wind has a 
significant effect on the wind shears in the boundary layer interior. Nevertheless, it is found 
that the stress remains closely parallel to the shear in all the neutral runs (not shown). 
Figure 5.3 shows profiles of \m/Zi, diagnosed from the five neutral baroclinic simulations, 
as was done in Chapter 4 for the non-baroclinic simulation BNLR. Below around 0.6z,-, the 
length scales diagnosed from the different runs are in surprisingly good agreement, with 
the differences between them being only slightly larger than the statistical uncertainties 
associated with any one of them (estimated by comparing results from successive averaging 
periods). The differences in the upper boundary layer are more marked, but probably 
not particularly significant as both stress and shear become small. Therefore, although 
simulation N180 does show slightly low values in mid-boundary layer and the results 
from the highly baroclinic simulation, N135, differ somewhat close to the surface, it is
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BNLR NO
N90
N270
N180
N135
Figure 5.2: LES mean wind profiles (solid lines) from the neutral runs. The geostrophic wind com­
ponents, ug and vg are shown as dotted lines. Note that in N135, (v) >  (u ). Also shown are attempts 
to reproduce the LES results using closure models. Dashed lines : mixing length model with (3 — 0.15; 
Dot-dash lines : non-local model o f Holtslag and Boville (1993).
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V zi
Figure 5.3: Length scale, Aa//z,-, diagnosed from simulations NO, N90, N180 N270 and N135. The 
squares show profile implied by the parametrization 1/Am  — 1/(fiz i) +  1 / ( k z ) ,  with (3 — 0.15.
concluded that the parametrization 1/Am — 1/(0.15z,)-f- l/(«z) (which was advocated in 
Chapter 4 on the basis of results from BNLR) remains reasonably successful even with 
considerable shear in the geostrophic wind.
In view of this finding, it is not surprising that runs of the mixing length model 
using this parametrization are highly successful in reproducing the LES wind profiles -  
the dashed lines in Figure 5.2 show the mixing length model predictions and in many 
cases are indistinguishable from the LES results. The dot-dash lines in this plot are 
the predictions of the non-local model of Holtslag and Boville (1993), and are also in 
excellent agreement with the large-eddy results. Initially this might seem surprising, as if 
Am diagnosed from LES is not affected by geostrophic shear, then diagnosed Km profiles 
would be expected to be affected due to changes in wind shear (as Km = A^ |c?(u)/3z|). 
In fact, Figure 5.4, shows that the diagnosed profiles of (Km/ (u^z,))1^ 2 are are still fairly 
insensitive to the geostrophic shear, although the scatter is rather larger than in the \u!zi 
profiles of Figure 5.3. Thus the Km profile prescribed by Holtslag and Boville remains 
in reasonably good agreement with those diagnosed from simulations NO, N90, N180 and
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O V ( V i> r
Figure 5.4: Profiles o f {KmJ (i4*z,-))172 diagnosed from simulations NO, N90, N180 N270 and N135. The 
squares (HB) show the profile obtained using Km  =  u*kz(1 — z j z , ) 2 , as given in Holtslag and Boville 
(1993).
N270 in lower and mid-boundary layer and, while the discrepancy is more serious in N135, 
it has been shown that it does not lead to major errors in the wind profiles (Figure 5.2).
Table 5.4 confirms that u*, ao? 4}-  and 4)+ are ^  well predicted, both by the mixing 
length model and by the non-local model, even in the case where the geostrophic shear is 
strong enough to cause backing of the wind with height. The conclusion is that inclusion 
of shear in the geostrophic wind does not, on its own, lead to failure of these simple 
parametrizations of the boundary layer.
5.4.2 Convective results
The effect of geostrophic shear in convective conditions is rather different. Figure 5.5 
shows the mean wind profiles from the convective simulations. It is clear that these 
simulations are all convective enough for the profiles to remain well mixed even in the
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Run Model %/ms 1 «o/(deg.) <0_/(deg.) 0+/(deg.)
BNLR LES 0.45 18.0 10.0 18.0
ML 0.44 17.3 9.1 17.3
HB 0.45 17,3 8.4 17.3
NO LES 0.55 15.0 1.2 15.0
ML 0.54 15.1 1.7 15.1
HB o.p 15.5 1.5 15.5
N90 LES 0.48 28.4 1.6 1.8
ML 0.47 29.4 3.4 2.8
HB 0.49 29.6 2.4 3.0
N180 LES 0.36 24,8 25.9 24.8
ML 0.36 23.4 21.8 23.4
HB 0.37 22.6 20.2 22.6
N270 LES 0.45 4.0 9.8 30.6
ML 0.43 2.8 8.9 29.4
HB 0.44 2.9 8.8 29.4
N135 LES 0.41 52.9 -13.7 -37.1
ML 0.41 54.2 -10.9 -35.8
HB 0.43 56.1 -10.2 -33.9
Table 5.4: Mixing length (ML) and non-local (HB) model results for «*, ao, 0- and 0+ given the same 
forcing as LES simulations BNLR, NO, N90, N180, N270 and N135. The LES results for these quantities 
are shown for ease o f comparison.
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c o
<v>/(ms’1) <u>/(ms"‘)
C90
<V>/(ms"1) <u>/(ms*')
C 270
<v>/(ms‘‘) <u>/(ms‘ ‘)
C 180
<V>/(ms'') <u>/(ms‘ ‘)
C 135
<Y>/(ms-‘) <u>/{ms"‘) <Y>/(ms'<) <u>/{nns"‘)
F igure 5 .5: LES mean wind profiles (solid lines) from the convective runs. The geostrophic wind 
components, ug and vg are shown as dotted lines. Note that in C135, (v) >  (it). Also shown are attempts 
to reproduce the LES results using closure models. Dashed lines : mixing length model with (3 =  0.15; 
Dot-dash lines : non-local model o f Holtslag and Boville (1993).
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presence of considerable geostrophic shear. Table 5.3 confirms that the values of 0_, the 
amount of wind turning within the boundary layer, stay close to zero in all cases, although 
the surface ageostrophic angle and geostrophic departure just below z,* are affected. In 
fact the similarity coefficients Am and Bm (not shown) are still well predicted by the 
mixed layer model of Garratt et al. (1982) which was studied in Chapter 4.
The dashed lines on Figure 5.5 show the results obtained using the mixing length model 
discussed in Chapter 4 (with fi = 0.15), and the dot-dash lines show the predictions of 
the non-local model of Holtslag and Boville (1993). Once again, both models tend~ to 
predict too much shear in the boundary layer interior. Nevertheless, it is not clear that 
the results are systematically poorer in the baroclinic cases than in the non-baroclinic 
convective case Mlj&i _
Figure 5.6 shows the variation of u*, a0> 0- and 0+ with 7  predicted by various 
models when given the same forcing as the convective LES simulations with shear in the 
geostrophic wind of 0.005 s"1. The LES results can be seen to be in excellent agreement 
with those obtained iteratively using the mixed layer model of Garratt et al. (1982). 
The mixing length model systematically underestimates u*, with values between 7% and 
12% below the LES results, while the non-local model gives values between 4% and 9% 
below the LES. Note however, that in convective conditions without geostrophic shear, 
the mixing length model predicts a u* value 12% below that in simulation M134, while the 
non-local model gives 7% below the LES. The discrepancies of a few degrees between 
the closure model and LES predictions for a0 (and 0_, 0+) also do not appear to be 
systematically larger than those found in non-baroclinic convective conditions.
Note however that Hollingsworth (1994) found the largest errors in NWP model per­
formance in cases where there was a net backing with height across the boundary layer 
and that all the convective cases considered in Figure 5.6 showed veering (0+ positive). 
The velocity profiles in Figure 5.5 suggest that the performance of the closure models in 
reproducing the LES results in the case where the wind backs with height (C135) is not 
especially poor, and this is confirmed by listing LES, mixed layer model, mixing length
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Figure 5.6: ii*, ao> 0- and 0+ as a function of 7 , for (w'b')o = 10“ 2m2s-3 , z\ =  1000 m, zq =  0.1 m, 
with a surface geostrophic windspeed o f 10 ms- 1  and a shear in the geostrophic wind of 0.005 s" 1 at angle 
7  to the surface geostrophic wind direction. Squares : LES; solid lines : mixed layer model o f Garratt 
et al. (1982); plus signs : mixing length model; multiplication signs : non-local model o f Holtslag and 
Boville (1993).
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Run Model u*/ms 1 a0/(deg.) <£_/(deg.) <^+/(deg.)
LES 0.54 68.2 -0.8 -21.8
MIX 0.51 66.5 0.0 -23.5
ML 0.50 64.1 -3.7 -25.9
HB 0.53 66.2 -7.3 -23.7
Table 5.5: Mixed layer (MIX), mixing length (ML) and non-local (HB) model results for u*, ao, $_ 
and (f>+ given the same forcing as LES simulation C l35. The LES results for these quantities are shown 
for ease o f comparison.
model and non-local model results for u*, a0, <j)_ and (j>+ in Table 5.5. All the predicted 
u* values are within 7% of the LES result, and the discrepancies in the angles are also 
still small. In fact, the closure models predict slightly more backing across the boundary 
layer than LES.
5.4.3 Discussion
To summarize, it has been shown that both the local mixing length and Holtslag and 
Boville (1993) schemes both perform well in neutral conditions, even with considerable 
shear in the geostrophic wind. In convective conditions the performance is less good, but 
does not appear to be significantly worsened by the presence of a shear in the geostrophic 
wind.
These results do not explain the findings of Hollingsworth (1994), as they indicate that 
simple eddy viscosity based boundary layer parametrizations are capable of predicting 
backing of the wind with height. This is the case both in neutral conditions when there 
is significant turning within the boundary layer, and in convective conditions when the 
boundary layer flow is approximately unidirectional and most of the backing occurs across 
the capping inversion.
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These tests are idealized as they have considered only the steady state and the dry 
boundary layer. Clearly this means that they are not directly relevant for complex frontal 
situations. Nevertheless, it seems unlikely that the effects of non-stationarity and moisture 
alone could cause sufficient degradation of the boundary layer parametrization scheme 
performance to account for the large systematic error identified by Hollingsworth (1994). 
However, note that cases in which the wind backs with height will often be unstable 
to convective ascent (for example, a cold air outbreak where cold air is advected over 
a relatively warm sea). Thus the problem may be related to the action of the model 
convection scheme and the way in which it interacts with the boundary layer scheme. 
One possibility is that convective momentum transports in the Tiedtke (1989) scheme 
may tend to reduce velocity shear both in the boundary layer interior and across the 
inversion, making it difficult for the model to sustain a net backing with height across the 
boundary layer.
5 . 5  T u r b u l e n c e  s t a t i s t i c s
This chapter has concentrated on the effects of geostrophic shear on the mean wind 
profiles, and the ability of simple closure models to reproduce the LES results. There 
follows a brief discussion of the effects on some scaled turbulence statistics.
The simpler convective case is considered first. Addition of geostrophic shear causes 
the stress profiles (not shown) to become curved, so that the wind profiles may remain 
well mixed (see Equations (4.16) and (4.17)). Therefore, buoyancy production of energy 
continues to dominate over shear production throughout most of the CBL and it is found 
that turbulence statistics continue to scale convectively. For example, Figure 5.7 shows 
profiles of the scaled vertical velocity variance and skewness from simulations CO, C90, 
C180, C270 and M134, and clearly demonstrates that these quantities are not sensitive 
to the presence of shear in the geostrophic wind. Note that this result was implicitly 
assumed in Chapter 3 when the non-baroclinic LES results were compared with the data
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Figure 5.7: Profiles o f  total vertical velocity variance (scaled by to2) and skewness from sim ulations CO, 
C90, C180 and C270. The profiles from non-baroclinic simulation M134 are also shown for comparison.
of Lenschow et al. (1980), which was obtained in convective, baroclinic conditions (M 
between 20 and 40). In such conditions the effects on the turbulence are only likely to be 
significant close to the surface and close to z,-, both regions where shear production may 
be significant.
The situation in neutral conditions is rather more complex. Figure 5.2 showed that 
addition of geostrophic shear leads to changes in the shapes of the mean wind profiles. In 
the limit of (u*/fzi) —> oo, the shape of the stress profiles is expected to be linear, even 
with shear in the geostrophic wind. This is because the time scale of the Coriolis effect 
( / -1) is large with respect to the time scale for momentum exchange Zf/u* (Nieuwstadt, 
1983). Approximately linear stress profiles have been observed in shallow boundary layers 
(e.g. Grant (1986) and Brost et al. (1982), both for cases where w*/(/z;) ~  10), and it 
was shown in Chapter 3 that the non-baroclinic simulation BNHR (u*/(fz{) ~  4.5) also 
has a roughly linear profile. However, the LES boundary layers are too deep to be able 
to sustain linear stress profiles when M cb 10, as is shown in Figure 5.8.
Finally the effect of baroclinicity on the velocity variance profiles is considered. Assum­
ing that the turbulent transport terms are small in neutral conditions, various diagnostic 
relations can be deduced from the parametrized budget equation for the second order mo-
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< r > / u \
Figure 5.8: Profiles o f non-dimensional total stress from simulations NO, N90, N180 and N270. The 
profile from non-baroclinic simulation BNLR is also shown for comparison.
ment, (u.fyj-,) (Grant, 1992). These include the result that the stress-energy ratio should be 
constant with height within the neutral boundary layer. The TKE budget of simulation 
BNLR shows an almost exact balance between shear production and dissipation, and it is 
found that the introduction of moderate geostrophic shear in simulations NO, N90, N180 
and N270 changes the shapes of shear production profiles, but that they are still closely in 
balance with the dissipation profiles i.e. the transport terms remain small. For example, 
the first plot in Figure 5.9 shows the TKE budget of simulation NO. Figure 5.10 confirms 
that the diagnosed stress-energy ratio profiles from the moderately baroclinic runs do in­
deed all give approximately the same constant value (around 0.22) in the boundary layer 
interior. Note that the slightly lower values in the upper part of the boundary layer of 
simulation N90 are not thought to be significant as both stress and turbulence energy are 
small in this region. The remaining plots in Figure 5.10 show the scaled variance profiles, 
with the x-axis aligned with the surface stress. It can be seen that the introduction of 
shear in the geostrophic wind causes changes of 0(it2) in the magnitudes of the variances 
of in mid boundary layer. Grant (1992) also predicted that the fraction of TKE in each of
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TKE BUDGET TKE BUDGET
Figure 5.9: Turbulence kinetic energy budgets for simulations NO and N135. The shear production, 
dissipation and total transport terms are shown, all normalized by (it3/;?,-).
/
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{u'u'), (v'v') and (w'w') should be^onstant and independent of height, provided that the 
a-axis is aligned with the local stress. Equivalently, as stress-energy ratio has been shown 
to be constant, (u'u')/{r), (uV)/(r) and (u/7u/)^r)^iibuld all be constant. This is well
supported by the LES results, with the constants equal to 4.2, 2.7 and 2.0 (with a scatter 
of roughly ±0.02) in mid-boundary layer. It is concluded that the effects of geostrophic 
shear on the variance profiles in these moderately baroclinic neutral conditions can be 
explained with reference to the changes in the stress profiles.
With greater non-dimensional shear in the geostrophic wind (N135), the situation is 
rather different. The shear production goes to zero at around 0.25% and the transport 
terms are no longer negligible (see Figure 5.9). Thus the assumptions of Grant (1992) are 
no longer valid, at least around this height. In fact the diagnosed profile of stress-energy 
ratio from this simulation (not shown) is similar to those from the moderately baroclinic 
simulations for z/% < 0.1 and for z/z{ > 0.4, but shows a minimum of around 0.1 at 0.25%.
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<v'v'>/u*
<u'u'>/u^
<W'W>/u*
Figure 5.10: Profiles o f stress-energy ratio and velocity variances (x-axis aligned with surface stress) 
from simulations NO, N90, N180 and N270. The profiles from non-baroclinic simulation BNLR are also 
shown for comparison.
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5 . 6  S u m m a r y
This chapter has described large-eddy simulations of the boundary layer driven by a height 
dependent geostrophic wind. The effect of shear in the geostrophic wind on various turbu­
lence statistics has been discussed. However, the most important results have concerned 
the effects on the mean wind profiles and the ability of two simple closures (a local mix­
ing length model and the specified viscosity profile scheme of Holtslag and Boville) to 
reproduce the LES results. The performance of these models has been shown not to be 
significantly degraded, in either neutral or convective conditions, by the presence of a 
shear in the geostrophic wind.
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E n t r a i n m e n t
6.1 I n t r o d u c t i o n
Entrainment is the mechanism whereby turbulent fluid mixes fluid into itself across an 
interface. Specifically this chapter considers the entrainment of air across the inversion 
at the top of the atmospheric boundary layer which leads to deepening of the boundary 
layer. Also, as the air which is incorporated into the boundary layer is almost invariably 
relatively warm and dry, it can have a significant effect on the boundary layer temperature 
and moisture budgets. In particular, its realistic representation in NWP and climate 
prediction models can be of vital importance in obtaining accurate forecasts of boundary 
layer clouds and surface evaporation rates. Some examples of deficiencies in forecast 
model performance ascribed to the modelled entrainment fluxes being insufficiently large 
can be found in Beljaars and Betts (1992).
Note that this study concentrates on entrainment into the cloud-free boundary layer. 
The cloudy case has additional complexities due to radiative transfer and latent heat 
effects, and, from a simulation point of view, can be more difficult when these processes 
lead to the formation of a sharper inversion. Nevertheless further study is desirable as 
there is evidence that entrainment may he an important mechanism in the break-up of
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stratocumulus sheets (Deardorff, 1980; MacVean and Mason, 1990).
6.2 M e c h a n i s m s  a n d  m o d e l s
A detailed review of possible entrainment mechanisms can be found in Fernando (1991). 
Essentially there appear to be two distinct types of mechanism. The first is a shear layer 
or Kelvin-Helmholtz instability which leads to wave breaking in the inversion layer. The 
second is associated with production of TKE away from the inversion, and the impinging 
of eddies on the inversion which distort the interface and cause ‘splashing’ or ‘engulfment’ 
of quiescent fluid into the turbulent fluid. These mechanisms are not mutually exclusive 
and in many cases the dominant entrainment mechanism is not clear. However, in cases 
with strong inversions or with only weak eddies impinging on the inversion, the local 
instability mechanism appears likely to dominate. This is likely to be the case for near 
neutral cloud-topped boundary layers where the inversions are often relatively strong. In 
contrast the second mechanism has been observed to be important in the surface heated 
convective boundary layer (Palmer et al., 1979).
The entrainment flux, {-m/ 0'),-, is usually modelled with reference to the TKE budget 
(Equation (4.32), but repeated here for ease of reference)
M l  = - £ { « , ' E' + w'p'/pr) -  _  ( v ' f a W  -  J V * ')  -  (e) (6.1)
There are two possible approaches
1. Vertically integrate (6.1) over the boundary layer. It is common to split the in­
tegral of the buoyancy term into two parts -  production and consumption (Stage 
and Businger, 1981), although no concensus has been reached on the most appro­
priate partitioning. The entrainment flux is assessed as the difference between bulk 
production and dissipation.
2. Parametrize the terms in the local energy budget at z,- to obtain (w'O')i.
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As pointed out by Driedonks (1982b), these two approaches are very similar as the 
same bulk turbulent velocity and length scales are used in both. Therefore it was decided 
to concentrate solely on the second method. Driedonks (1982b) gives a summary of the 
hierachy of models used. The simplest assume that the entrainment flux is balanced by 
the transport term, giving
-  £ < * V ) |  =  <*■—  ( 6 .2 )er Zi
where wm is a mixed layer velocity scale, and cF is an empirical constant. In convective 
conditions, wm = w* and this reduces to
(w'6')i = - c F(w'e')o (6.3)
6 . 3  L E S  o f  e n t r a i n m e n t
Chapter 3 examined the importance of the entrainment flux on turbulence statistics in 
the boundary layer by comparing results from lid and inversion runs. However, the en­
trainment flux in the inversion runs was regarded almost as being externally prescribed, 
and no consideration was given to the factors that control its magnitude. This section 
examines the variation of the LES entrainment flux with stability. More fundamentally, 
the issue of whether the LES fluxes can be realistic given the relatively coarse resolution 
of the inversion region is also discussed. The potential problem is that while turbulence in 
the interior of the CBL is dominated by large thermals which are easily resolved, the en­
trainment process may depend critically on small scale mixing across the stable inversion
region. Table 6.1 shows that the resolution that can be used use in the inversion region is 
considerably poorer than that used by Mason and Derbyshire (1990) in LES of the stable 
boundary layer, as a much larger domain is required to simulate the CBL thermals.
The performance of LES in convective conditions without a mean wind, and then cases 
which also include shear will be examined in turn.
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A®/m Ay/m Az/m
IC, inversion region 100 100 ~  30
ICHR, inversion region 50 50 ~ 18
IN, inversion region 75 50 ~ 27
INHR, inversion region 38 25 ~ 18
Mason and Derbyshire (1990), SBL 12 12 < 12
Table 6.1: Resolution o f free convective simulations, IC and ICHR, and neutral simulations, IN and 
INHR, in the inversion region. Also shown for comparison is the resolution used by Mason and Derbyshire 
(1990) in LES of the stable boundary layer (SBL).
6.3.1 Convective
Figure 6.1 shows mean potential temperature and heat flux profiles from three separate 
averaging periods of free convective simulation IC. The profiles look realistic, with ap­
proximately constant potential temperature and linear flux profiles in the boundary layer 
interior. The inversion structure has been sharpened somewhat relative to the initial pro­
file, but appears similar at the three times shown. Note that the region of cooling has 
significant depth (c± 150 m), indicating that the most energetic eddies are reaching four 
or five grid points above the mean inversion level even in this low resolution simulation.
Table 6.2 shows results for cp (= — (w'9')il(w'9')0) from successive 1000s averaging 
periods of simulations IC and ICHR (c.f. eddy turnover time of around 800s). The av­
erage values are 0.14 for the low resolution simulation, and 0.13 for the high resolution 
simulation. These values are consistent with previously published LES results for the 
entrainment coefficient in convective conditions, some of which are shown in Table 6.3. 
There is clearly some scatter in the LES results, although considerably less than found in 
observational results (Stull, 1976). Also note that almost without exception, the previ­
ously published LES results have been obtained using relatively short averaging periods, 
typically of the order of one eddy turnover time. Reference to Table 6.2 shows that the 
present results from successive 1000s averages (c± 1.3£*) do show some scatter, and sug-
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Figure 6.1: Mean temperature and heat flux profiles from simulation IC. Results are shown after 5000s, 
8000s and 11000s (all 1000s averages). The dotted lines show the values o f Zi for these three averaging 
periods. The initial temperature profile is shown as a dashed line.
Averaging period 
Start/s -  End/s IC
Cp
ICHR
10000 - 11000 0.139 0.110
9000 - 10000 0.155 0.129
8000 - 9000 0.152 0.122
7000 - 8000 0.129 0.142
6000 - 7000 0.129 0.122
Table 6.2: LES results for the entrainment flux in the dry convective boundary layer. Average values 
o f cp ate 0.14 for simulation IC, and 0.13 for ICHR.
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Paper Cp Notes
Deardorff (1974) 0.13
Moeng (1984) 0.17
Mason (1989) 0.15
Schmidt and Schumann (1989) 0.17
Nieuwstadt et al. (1991) 0.15
0.11
0.12
0.19
Intercomparison of four large-eddy models
Moeng and Sullivan (1994) 0.17 Mean wind, —z,/L = 18
Present simulations 0.14 Low resolution (IC)
0.13 High resolution (ICHR)
Table 6.3: Past and present LES results for the entrainment flux in the dry convective boundary layer.
gests that some, although not all of the discrepancies between the LES results may be 
statistical in origin.
Given the concerns expressed earlier about the ability of LES to resolve the entrain­
ment process, the reasonable agreement between the results of different large-eddy model 
studies might seem surprising, especially as they were obtained using a variety of different 
resolutions and subgrid models. Accordingly, a more detailed examination is now made 
of the way in which simulations IC and ICHR model the entrainment flux. Figure 6.2 
shows the resolved and sub grid contributions to the heat flux in these two simulations. In 
both cases the subgrid contribution is large near the surface, but becomes negligible in the 
upper CBL and the entrainment flux is almost entirely resolved. This is consistent with 
the LES results of Mason (1989) and Schmidt and Schumann (1989), The latter study 
presented horizontal cospectra of vertical velocity and temperature fluctuations which 
demonstrated that the negative heat flux at the inversion was dominated by large-scale 
motions on scales of order z,-. Experimental studies (e.g. Palmer et a l 1979; Mahrt and 
Paumier, 1984) also support the importance of the contribution of large-scale motions to 
the entrainment heat flux.
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(resolved <W'0'>) /  <W'0'>#
(resolved <w'0'>) /  <W'0'>#
(subgrid <W'&'>) /  <W0'>o
(subgrid <^ '8‘>) /  <W'0‘>o
Figure 6 .2: Resolved and subgrid heat fluxes from simulations IC and ICHR, The dotted and dashed 
lines show the contributions from regions o f updraught (w >  0) and downdraught (w <  0).
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More can be learnt about the way in which LES resolves the entrainment flux by 
analysis of conditional averages. Updraughts (regions where w > 0) are found to cover 
Ci 50% of the total area close to the surface, decreasing to only 45% at z/z,- = 0.1 and 
a little under 40% at z/z,- = 0.9, before increasing again to cover cx 50% for z/z,- > 1. 
This indicates that the updrafts must be relatively strong compared to the downdrafts in 
the mixed layer (for (w) to be equal to zero), consistent with the skewness profiles shown 
in Figure 3.19. Figure 6.2 shows that heat flux is dominated by the contribution from 
these regions of updraught. Thus the positive heat flux in the mixed layer is largely due 
to buoyant thermals, while the negative entrainment flux is dominated by updraughts 
which have passed their neutral buoyancy level and are ‘overshooting’ into the stable air 
aloft. A similar result was found by Schumann and Moeng (1991), although their LES 
study used threshold values of w in defining updraughts and downdraughts, regions with 
w close to zero being regarded as ‘environmental’ air. The level of confidence in the LES 
results is again increased by agreement with the observations of Palmer et al. (1979). 
They found that regions of ascending air in the inversion region were almost invariably 
associated with a negative heat flux, while regions of descending air carried a smaller flux 
which could be either positive or negative in sign.
While it has been shown that the entrainment flux is well resolved and largely associ­
ated by overshooting updraughts, it is not clear that the LES results should be insensitive 
to the subgrid model. This is because the entrainment process must involve irreversible 
mixing at some stage, as otherwise the downdraughts would carry a positive flux in the 
inversion region, equal and opposite to that carried by the updraughts. This mixing might 
be carried out on a pointwise basis by the subgrid model in the inversion region, or within 
the mixed layer after quiescent air has been forced down by the splashing or engulfment 
mechanism.
In order to assess the sensitivity of the modelled entrainment flux to the subgrid 
parametrization, various additional simulations were performed. The first of these (IC2) 
was identical in every way to IC except that the critical Richardson number in the sub­
grid model was arbitrarily increased from 0.25 to 0.5 (giving a slower fall-off of viscosity
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and diffusivity in stable conditions). This was found to have only a minor effect on the 
entrainment flux, the average value of cp from this simulation being 0.15. However, it 
was realized that changes in the behaviour of the subgrid model might be partially com­
pensated for by changes in the amount of numerical diffusion caused by the TVD scheme 
used for advection of temperature. Accordingly the remaining tests were performed using 
the standard scheme of Piacsek and Williams (1970). Although not positive definite, and 
hence prone to giving spurious fluxes above the inversion, this scheme has the advantage 
of not being diffusive. Simulation IC3 used the standard subgrid model so that the impact 
of the change of advection scheme could be assessed. This gave cp — 0.11, rather low 
compared to the value obtained in IC, although it was noted that most of the difference 
was due to IC3 having a significant upward snbgrid flux in the inversion region. Simu­
lation IC4 used this advection scheme, but the subgrid Prandtl number was arbitrarily 
reduced by a factor of ten at all points. This large change in the snbgrid parametrization 
was found to lead to a reduction of about 50% in the magnitude of the modelled entrain­
ment flux (cp = 0.05). Finally, simulation ICS used the reduced Prandtl number above 
800 m, but the standard value below 700 m (with linearly interpolated values in between). 
This gave cp = 0.08, intermediate between the results of IC3 and IC4. The difference 
between the values obtained in simulations IC4 and ICS suggests that at least some of the 
irreversible mixing occurs in the boundary layer interior, consistent with a representation 
of the engulfment or splashing entrainment mechanism observed by Palmer et al. (1979). 
However, a more detailed study, possibly involving the use of tracers or Lagrangian statis­
tics would probably be required to ascertain whether this is the dominant entrainment 
mechanism in simulations such as these.
It is concluded that LES results for the entrainment flux in convective conditions 
without shear are sensitive to the amount of mixing carried out by the snbgrid model 
(and the advection scheme if diffusive). However the sensitivity is weak, and the result 
that a factor of ten change in subgrid Prandtl number (to a clearly unrealistic value) led 
to only a 50% reduction in the modelled flux is certainly encouraging. Thus the scatter 
in published LES results for cp, although larger than that in most quantities in the CBL
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Figure 6.3: Turbulence kinetic energy for simulation ICHR. All terms are normalized by (w3/z,). Solid 
line : shear production; dotted line : dissipation; dashed line : total transport; dot-dash lines : buoyancy 
production.
interior, remains smaller than in observational results. Finally, for completeness, the 
energy budget from simulation ICHR is shown in Figure 6.3 (that for IC is very similar). 
This shows that there is essentially a three way balance between the transport, dissipation 
and buoyancy terms at all levels. Hence the success of the simple parametrization (6.2) is 
because both the transport and dissipation terms scale with w^/zi, rather than because 
of an exact balance between the transport and buoyancy terms in the inversion region.
6.3.2 Effects o f  shear
Figure 6.4 shows time series of the entrainment flux from four of the inversion runs, 
obtained from the maximum downward heat flux using horizontal averages but without 
any time averaging. Recall that the naming convention is designed so that the approximate 
stability can be ascertained from the simulation name (e.g. 177 has —z,-/L cx 7.7). All 
the series are very spiky, but by eye it is possible to discern that there is a trend with
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Figure 6.4: Time series of entrainment flux from simulations 177, 127, 110 and IN. In the first three 
cases the fluxes are normalized by the surface heat flux. For simulation IN (zero surface heat flux), the 
results are shown in dimensional terms.
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stability -  the average ratio of the magnitude of the entrainment flux to that the surface 
flux seems to be about 0.15 for 177, 0.20 for 127 and 0.30 for 110. Results for simulation 
IN are shown dimensionally as they cannot be normalized by the surface flux which is 
zero in this case.
In making a more systematic analysis of the results, it is clearly essential to use long 
averages (obtained by combining results of short averages as functions of z/z,• as described 
iu Chapter 3), particularly for simulations 127 and 110 which show signs of variability on 
a time scale of order a few eddy turnover times as well as the higher frequency variability 
which is seen in the other simulations. This is presumably associated with wave activity in 
these simulations which causes the (w'w') profiles to show small peaks at around z/z; = 1.1 
which are not present in the other runs.
The upper plot in Figure 6.5 shows the variation with stability of the long average 
results for the entrainment flux (in buoyancy units) scaled by u /^z,-. Coming from the 
convective end, it can be seen that there is little increase in the magnitude of the flux non- 
dimensionalized in this way until — z,/T is around 5. Some increase above the convective 
value (0.13, shown solid) is then observed, and the scaling breaks down completely in 
neutral conditions. Clearly an alternative velocity scale is required. One possibility is to 
make wm proportional to the boundary layer root mean square vertical velocity for which 
a parametrization was developed in Chapter 3 (for non-baroclinic conditions). Hence 
the lower plot shows the same LES results, but this time normalized using w^/zi where 
wm = w* + 3-4u3. It can be seen that this scaling is very successful, both for the high and 
1|)W resolution simulation results. This suggests that, to first order, the entrainment flux 
is insensitive to the detailed inversion structure as the parametrization does not involv 
5/f^ ? any measure^ of inversion strength or the local shear. For — z,/L > 1 this seems plausible'
j f f f  because, as in the convective case, the boundary layer dynamics are dominated by the 
/A large thermal motions which impinge on the inversion. The amount of energy available
for entrainment is related to the energy of these thermals and so the root mean square 
boundary layer vertical velocity is a relevant velocity scale, and parametrization (6.2) is 
successful. In conditions more close to neutral it is not clear whether the success of the
$
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Figure 6.5: Entrainment flux as a function of stability. Upper plot: results non-dimensionalized using 
/z jj lower plot : results non-dimensionalized using w ^/zi  =  (w* -f 3.4u*)/z,’. In each case results from 
IC and ICHR are plotted at —z-xjL — 16 to show the convective limit.
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scaling is fortuitous. Arguably much higher resolution is required to simulate credibly the 
effects of local instabilities in the inversion region which may be particularly important in 
these cases. Nevertheless, it is encouraging that the total entrainment fluxes are similar 
in the high and low resolution neutral simulations, even though the subgrid contributions 
are non-negligible (cx 33% of the total in IN).
In a sense the true value of the entrainment flux for deep neutral boundary layers as 
simulated in IN and INHR is of academic interest only, as the fluxes are too small to have 
a significant impact on boundary layer development. Much shallower boundary layers, 
as might be observed in the early morning, will typically have greater shear across the 
inversion and local shear layer instabilities will almost certainly be significant (Fernando, 
1991). Entrainment fluxes can be large and inversion rise can be rapid, and the simple 
parametrizations such as the one described above cannot be expected to perform well. 
Nevertheless no attempt has been made to model such cases because of the difficulty in 
deciding whether detailed results are realistic or artefacts of LES. Note that it is also 
very difficult to calibrate entrainment parametrizations using observational data. Hence 
Driedonks (1982b) found that using (6.2) with w^ + 2 5 was as successful in a
boundary layer growth model as various more complicated parametrizations. However, 
note that this velocity scale has a much stronger dependence on mechanical mixing than 
that proposed in this study. It was calibrated to give good agreement with observed 
growth rates for shallow boundary layers, and it is suggested that Driedonks (1982b) 
found that the strong u* dependence performed best as it implicitly allowed for enhanced 
mechanical production at the inversion.
6 . 4  P a r a m e t r i z a t i o n  i n  a  l a r g e - s c a l e  m o d e l
As mentioned in the introduction, a good parametrization of entrainment is potentially 
important because of its effects on boundary layer temperature, depth and humidity.v
However, many models do not have a separate entrainment parametrization and rely in­
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stead on the boundary layer scheme (although it should be noted that convection schemes, 
if initialized, can also have an impact).
Three tests were performed with the local mixing length model, given the same initial 
conditions and external forcing as LES run 177, and using comparable vertical resolution. 
Test A used the model described in Chapter 4, except that the stability functions Fm 
and Fh were set to zero in stable conditions. In B, these functions were made to have 
the same dependence on local stability as used in the large-eddy subgrid model i.e. a 
cut-off at Ri = 0.25, consistent with experimental data (e.g. Businger et al., 1971). In 
C the functions given in Chapter 4 were used. These are used in the Meteorological 
Office Unified Model, the relatively slow fall-off with increasing stability being justified 
by arguing thair imhomogeneities within an NWP grid square will cause enhanced mixing 
even when the average stability is large (Mahrt, 1987).
Figure 6.6 shows the time series of normalized entrainment flux from the LES run and 
these three tests. Test A showed zero entrainment flux, which was expected as any stable 
gradient (required for a downward flux in this model) resulted in the eddy coefficients 
being set to zero. Test B developed a flux about 50% smaller than 177, while C gave a 
flux around 80% larger than the LES. Clearly the flux is sensitive to the stability functions 
used in stable conditions. These are usually designed to give a reasonable representation of 
mixing in the surface layer and boundary layer interior. However, even if the modeller were 
free to choose the functions solely in order to obtain the best results for the entrainment 
flux, then it seems unlikely that further tuning would be particularly beneficial. This 
is because the parametrization must remain sensitive to local shear (and temperature 
gradient) in the inversion region, even though the entrainment flux appears to be largely 
determined by the surface heat flux in moderately and highly convective conditions. Hence 
even if the functions were tuned to give a flux ratio consistent with that found in 177, then 
they could not be expected to give the same result for different values of G. To illustrate 
this, a further test was performed with the same stability functions and surface heat flux 
as used in C, but with (7 = 3 ms-1 (instead of 6 ms-1). This gave —(w,6')i/(w,6/)0 cx 0.1 
(instead of cx 0.22), while a run with G = 0.1 ms-1 gave almost no entrainment. There
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Figure 6.6: Time series of entrainment flux from LES run 177 (solid line) and from the mixing length 
model tests, A, B and C, which are described in the text (dotted lines). Note that the entrainment flux 
from test A was zero at all times.
is also considerable sensitivity to resolution, as a repeat of test C with degraded vertical 
resolution {Az = 140 m instead of 30 m) gave an average entrainment flux of only about 
half the size of that found in the original test. It is concluded that parametrizations of 
this type are always liable to give errors in the entrainment flux of up to 0(100%), with 
underestimates particularly likely in operational large-scale models which can only use 
coarse resolution (Beljaars and Betts, 1992).
The effects of these errors are now considered. Figure 6.7 shows time series of boundary 
layer depth from 177 and the mixing length model runs A, B and G. It is immediately clear 
that the fractional differences in boundary layer depth after 30000 s are much smaller than 
those in the entrainment flux. Both tests B and C have reproduced the LES boundary 
layer growth rate to within 10%. Test A was deliberately set up to be representative 
of a ‘worst case’ in which the model fails to develop any entrainment flux at all. The 
boundary layer then grows by thermodynamic encroachment alone, and this can be seen 
to still be capable of accounting for ~ 80% of the LES boundary layer growth rate.
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Figure 6.7: Time series of inversion height from LES run 177 (solid line) and from the mixing length 
model tests, A, B and C, which are described in the text (dotted lines).
It is concluded that modelled boundary layer depths are relatively insensitive to the 
entrainment parametrization. This is consistent with the results obtained by Driedonks 
(1982a and b) using a jump model. Errors of up to ~ 20% in modelled values of z,■ may 
be significant for some applications (e.g. dispersion modelling), but their influence on the 
surface stress is unlikely to be significant compared with other uncertainties, except for 
shallow boundary layers (see Section 4.A.2).
Figure 6.8 shows mean temperature profiles after 30000 s from the LES run and two 
of the mixing length model tests. Although there are clearly differences in the structure 
of the inversion region, the three profiles are very similar in the boundary layer interior, 
with mean temperatures all within ~  0.1 K of one another. This lack of sensitivity of 
mixed layer temperature to entrainment is again consistent with the jump model results 
of Driedonks (1982a and b). Essentially a larger downward heat flux at the inversion 
is compensated for by an increased rate of inversion rise such that the flux convergence 
within the boundary layer remains almost unchanged. However, it is noted that even 
though the direct impacts of a poor entrainment parametrization on the boundary layer
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F igure 6 .8 : Mean temperature profiles after 30000 s from LES run 177 and from the mixing length 
model tests, A and C (B is omitted for clarity). Inversion levels are indicated with dotted lines.
temperature do not appear to be significant, those on the humidity may well be. This is 
because air above the inversion is almost invariably relatively dry, and insufficiently large 
entrainment rates (as seem to be common in NWP models) are likely to lead to modelled 
boundary layers which are too moist. In turn this may lead to erroneous predictions of the 
formation of boundary layer clouds and it will also have implications for the parametrized 
surface evaporation rate.
The tests described in this section have used a simple mixing length model and it 
is worth considering whether any of the other schemes discussed in Chapter 4 could be 
expected to perform any better with regard to entrainment. The use of models which carry 
energy might conceivably be beneficial in cases where enhanced turbulence in the inversion 
region leads to enhanced entrainment rates (e.g. cloud-topped boundary layers). However, 
they seem unlikely to be able to alleviate the basic problem in convective conditions that 
the entrainment flux should not be strongly correlated with local gradients in the inversion 
region. Even the models considered which determine eddy coefficients non-locally in the 
mixed layer tend to revert to formulations dependent on local gradients in the inversion
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region (e.g. Therry and Lacarrere, 1983, and Holtslag and Boville, 1993). Furthermore 
they continue to relate the downward heat flux at the inversion to the local temperature 
gradient through Equation (4.40). (Note that the counter-gradient term in this equation, 
which might be expected to reduce the magnitude of the entrainment flux, will almost 
invariably be negligible compared to the temperature gradient in the inversion region). 
Therefore it seems unlikely that the use of these boundary layer schemes will lead to a 
significantly improved entrainment parametrization.
Beljaars and Betts (1992) proposed a scheme in which the entrainment flux is specified 
directly by setting the eddy coefficients at a diagnosed inversion height to give the desired 
flux. For dry convective conditions the coefficients are given by
Tf   j s    - { ' » ' * ' ) . •  _  CF { W '6 ' ) q
n  h ~  n  rn — QjQj — 3 (0)
d z  d z
and specified eddy coefficient profiles are used within the mixed layer, similar to those 
proposed by Troen and Mahrt (1986). Although this boundary layer scheme is used 
on a finite difference grid, it acts rather like a bulk or mixed layer model in that both 
mixing within the boundary layer and the entrainment fluxes are related to the surface 
fluxes. The method used in near neutral and stable conditions is not made clear, although 
presumably the model can revert to a local scheme in cases where fluxes predicted by a 
local mixing length formulation are larger than those given by this non-local scheme. 
Beljaars and Betts (1992) reported some improvement in NWP model performance when 
using this scheme, particularly with regard to boundary layer moisture profiles, and it has 
been implemented in the operational model of the European Centre for Medium Range 
Weather Forecasting (ECMWF).
6 . 5  S u m m a r y
This chapter has presented results relating to entrainment at the top of the cloud-free 
atmospheric boundary layer. The large-eddy simulations, IC and ICHR, indicate that 
the magnitude of the downward heat flux at the inversion in free convective conditions
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is around 0.13 times that of the upward surface flux. This result has been shown to be 
sensitive to the subgrid model (and to the advection scheme used), but the sensitivity 
is relatively weak, and it has been argued that this explains the reasonable agreement 
found between the results of a number of LES studies. Confidence in the results has also 
been increased by noting that the entrainment flux is well resolved and dominated by 
overshooting updraughts, as found experimentally by Palmer et al. (1979). Nevertheless 
it is suggested that it would be useful to perform a more detailed study of the way in which 
LES models the entrainment flux, both in order to examine the dominant mechanisms 
and to assess the extent to which the model results for entrainment fluxes can ever become 
independent of the subgrid model (which must always be required to perform irreversible 
mixing at some stage).
A simple parametrization of the entrainment fluxes in the large-eddy simulations in­
volving mechanical as well as buoyancy production has been developed. This uses as a 
velocity scale the root mean square vertical velocity in the boundary layer, for which a 
parametrization was developed in Chapter 3. Further tests could be performed to cover a 
wider region of parameter space (e.g changing inversion strength or boundary layer depth) 
in order to test the range of validity of this parametrization.
Finally the importance of the entrainment parametrization in a large-scale model has 
been discussed. The mean boundary layer temperature has been shown to be insensitive 
to the modelled entrainment flux. The sensitivity of the boundary layer depth to the 
modelled flux is also relatively weak, and errors are unlikely to have a major impact on 
the surface stress (except for shallow boundary layers). However, insufficient entrainment 
is liable to make modelled boundary layers too moist.
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Conclusions
Our present understanding of turbulence in the atmospheric boundary layer is based 
on information from a number of sources, including field and laboratory observations, 
and theoretical, conceptual and numerical models. This has been primarily a numerical 
modelling study, using a large-eddy model which was described in detail in Chapter 2. 
Simulations have been made across a range of stabilities between neutral and free convec­
tive conditions, with boundary layers capped by rigid lids (non-penetrative convection) 
and by temperature inversions (penetrative convection). Additionally, simulations have 
been made of baroclinic conditions in which the imposed geostrophic wind was a function 
of height.
The variation of various scaled turbulence statistics with stability has been presented, 
and the agreement between LES and available observational results has generally been 
encouraging. The simulation results have also been shown to be relatively insensitive to 
resolution. Backscatter has been used as standard in the present study, and its use is 
generally advocated. However, in free convective simulations its effects have been shown 
to be minimal, and thus the extra computational cost of the stochastic parametrization 
does not seem to be justifiable.
Quasi-equilibrium large-eddy simulation results for various similarity coefficients (as
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functions of stability) have been presented and compared with observational results. As 
velocity and temperature profiles rapidly become well mixed with increasing instability, 
it was found that the LES results were well reproduced by a simple mixed layer model 
for — Zi/L > 2. The large-eddy datasets have also been used to assess the equilibrium 
performance of various boundary layer parametrization schemes. The performance of 
local mixing length models has been discussed in some detail as, although undoubtedly 
simplistic, they are still commonly used in weather forecasting and climate prediction 
models. They have been shown to be capable of accurately reproducing the LES results 
in neutral conditions. In convective conditions they produce insufficiently well mixed pro­
files, and the potential significance of the resulting underestimates of surface stress and 
overestimates of the temperature difference across the boundary layer has been discussed. 
In assessing the possible benefits of using more complex closures which seek to alleviate 
these deficiencies, great care has to be taken to distinguish between behaviour which is 
generic to a particular type of model, and behaviour which is solely related to the partic­
ular choices made for the empirical constants in any one model. However tests have been 
performed which suggest that closure schemes which incorporate stability effects in a non­
local manner and include a counter-gradient correction in the heat flux parametrization 
are capable of producing improved results in convective conditions without a significant 
increase in computational cost. In contrast, it has been argued that carrying a prognostic 
equation for T K E  is unlikely to be cost effective except in very high resolution models. 
Clearly further boundary layer parametrization schemes could be tested, both against the 
present and future large-eddy datasets. For example, some of the schemes examined in 
this study use a counter-gradient correction in the heat flux parametrization, and one 
area for further research might be the question of whether a counter-gradient momentum 
flux should be incorporated, as suggested recently by Freeh and Mahrt (1995).
The simulations involving shear in the imposed geostrophic wind are of particular 
interest, as the author is not aware of any published LES studies of the baroclinic boundary 
layer. In neutral conditions the geostrophic shears applied were large enough to cause 
significant changes in the shapes of the velocity and stress profiles. Nevertheless, the
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stresses remained closely parallel to the shears, and the diagnosed mixing lengths were 
almost unchanged. Hence the performance of a simple mixing length model in reproducing 
the LES results was found to be highly satisfactory. In the convective simulations the 
turbulent mixing was shown to be sufficiently strong to keep the velocity profiles well 
mixed even with considerable geostrophic shear. The mixing length model performance 
in these conditions was found to be less good than in neutral conditions (as expected), 
but not significantly worse than in convective conditions with constant geostrophic wind. 
The results refute the suggestion of Hollingsworth (1994) that simple eddy viscosity based 
boundary layer parametrization schemes are incapable of sustaining a backing of the wind 
with height, and it has been suggested that the systematic forecast model error identified 
by Hollingsworth may be related to the action of the model convection scheme. In fact, the 
potential for interaction between N W P  and climate model boundary layer and convection 
schemes has been emphasized several times in the present work, and the ways in which 
the two interact may often be as significant as the performance of each in isolation.
Parametrization of entrainment in the cloud-topped boundary layer is a difficult issue 
which has not been addressed here. However, even the cloud-free case is far from straight­
forward. LES results are reasonably consistent in indicating a downward heat flux at the 
inversion of magnitude around 0.15 times the surface heat flux in convective conditions, 
although the results are rather more sensitive to the subgrid parametrization than those 
for many statistics in the CBL interior. The present results suggest that, when shear is 
present in addition to surface heating, the flux scales approximately with the boundary 
layer root mean square vertical velocity. However, further simulations could usefully be 
carried out to explore a larger region of parameter space, including conditions in which 
this scaling might be expected to break down. These might include cases with particu­
larly strong shear across the inversion, which might occur if simulations were performed 
of shallower boundary layers or with shear in the geostrophic wind across the inversion 
region. In these cases local T K E  production could be highly significant and not well rep­
resented by a bulk boundary layer scaling. More fundamentally, it has been argued that a 
more detailed study of the way in which LES models the entrainment process would be of
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use, particularly in assessing the potential of the technique to produce realistic results in 
cases which seem likely to be more difficult to model (e.g. cloud-topped boundary layers 
with strong inversions).
Finally it is noted that with the ever increasing power of computers, and the diffi­
culties and costs involved in carrying out field and laboratory experiments, numerical 
modelling studies seem likely to become progressively more dominant as a means of ob­
taining data. Clearly care has to be taken as the procedure of comparing model with 
model could potentially become rather incestuous. However as long as care is taken to 
assess^ theTbbusth^ ss-ofAhe-results-(e:g 'eXamme"the sensitivity to resolution and snbgrid 
parametrization), and appropriate recourse is made to available observational datasets, 
then there is good reason to believe that further LES studies of this type should lead tof 
an improved understanding and parametrization of the atmospheric boundary layer.
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